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INTRODUCTION 

Cancers  result  from  an  inability  of  a  cell  to  control  its  own  growth.  Normally,  a  cell  interprets  external 
and  internal  signals  to  create  a  balanced  growth  schedule.  The  main  interpreters  of  these  signals  within 
a  cell  are  called  ARF  and  p53,  and  it  falls  on  the  shoulders  of  these  two  proteins  to  maintain  normal  cell 
growth  (1,  2).  In  this  sense,  both  ARF  and  p53  are  tumor  suppressors  that  constantly  monitor  the 
growth  state  of  the  cell.  In  mouse  and  human  cancers,  loss  of  the  ARF  tumor  suppressor  is  second  only 
to  mutation  of  p53,  providing  critical  evidence  of  ARF's  role  in  both  monitoring  and  preventing  the 
outbreak  of  cancer  cells.  A  common  target  of  ARF  is  the  NPM/B23  oncogene,  an  abundant  protein  of 
the  nucleolus  (3,  4).  NPM  normally  responds  to  growth  factors  and,  due  to  its  nucleolar  localization,  is 
thought  to  transmit  these  growth  signals  to  the  maturing  ribosome  machinery  (5,  6).  Cells  lacking  Arf 
exhibit  tremendous  gains  in  ribosome  production  and  subsequent  protein  synthesis  (7).  Moreover,  the 
entirety  of  this  growth  phenotype  is  dependent  on  NPM  and  p68DDX5  expression  in  the  nucleolus,  with 
loss  of  either  capable  of  completely  reversing  the  phenotype  back  to  normal  (8).  This  exciting  new 
finding  indicates  that  ARF  is  a  master  regulator  of  cell  growth  through  its  tight  control  of  NPM-  or  DDX5- 
directed  ribosome  production  and  export.  Importantly,  we  have  found  NPM  overexpressed  in  nearly 
50%  of  breast  carcinomas  that  we  have  analyzed,  implying  that  dysregulation  of  NPM  may  be  a  key 
event  in  promoting  breast  cancer  development.  In  effect,  tumor  cells  that  require  increased  protein 
synthesis  might  accumulate  more  NPM  or  DDX5  in  an  attempt  to  increase  ribosome  output.  It  is  our 
goal  to  determine  whether  NPM  directly  regulates  ribosome  maturation  to  promote  breast  cancer 
formation  and  to  establish  the  importance  of  ARF  in  deterring  this  effect.  We  propose  to  now  determine 
the  complex  roles  of  ARF,  DDX5,  and  NPM  in  the  nucleolus  of  breast  epithelial  cells  and  how  they  impact 
both  ribosome  biogenesis  and  cell  growth  to  prevent  and/or  promote  tumorigenesis. 

This  work  has  tremendous  clinical  implications  as  Ar/(9p21)  and  p68Ddx5  (17q24)  reside  on  loci  that  are 
either  deleted  or  amplified  in  ER+  resistant  breast  tumors,  respectively.  This  fact  makes  our  basic 
science  on  this  interesting  growth  network  directly  applicable  to  the  breast  cancer  phenotype/genotype. 

BODY 

Task  1.  Determine  the  role  of  ARF  in  suppressing  breast  tumor  formation  (Months  1-30): 

a.  Establish  cultures  of  mouse  mammary  epithelial  cells  (MEC)  from  wild  type  and  Arf- null 
female  virgin  mice  (Months  1-6).  50  mice  per  year. 

b.  Measure  ribosome  DNA  transcription  and  rRNA  processing  in  Arf-/-  MEC  (Months  6-18). 

c.  Measure  rRNA  export  and  functional  polysome  content  (Months  12-20). 

d.  Generate  and  validate  polysome  microarray  profiles  for  wild  type  and  Ar/-null  MECs 
(Months  10-30). 

e.  Determine  the  influence  of  ARF  on  DROSFIA-mediated  RNA  translation  (Months  11-16). 

f.  Identify  the  signaling  pathway(s)  responsible  for  enhanced  ARF  mRNA  translation  (Months 
12-24) 

g.  Determine  the  mechanism  for  ARF  translation  (Months  12-30). 
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We  have  successfully  completed  this  entire  Task.  We  now  have  a  list  of  mRNAs  that  are  preferentially 
loaded  or  unloaded  on  polysomes  in  the  presence  or  absence  of  ARF.  We  know  that  this  process  is 
largely  controlled  by  mTOR  and  that  ARF  itself  is  regulated  at  the  level  of  translation. 

We  now  have  immortal  Arf-/-  MMECs  that  retain  a  diploid  and  genomically  stable  genotype  (Task  la). 
They  are  still  sensitive  to  DNA  damage  pathway  activation  events  such  as  UV  and  gamma  irradiation. 
Using  these  cells,  we  have  now  begun  our  studies  of  ribosome  biogenesis  pathway  activation  in  the 
absence  of  Arf.  We  have  discovered  that  MMECs  lacking  Arf  exhibit  extremely  high  levels  of  47S 
transcription  (Figure  1,  top  band).  Additionally,  Ar/-null  MMECs  process  rRNA  at  a  considerably  higher 
rate  than  wild-type  counterparts,  indicating  that  rRNA  processing  rates  are  elevated  in  the  absence  of 
Arf( Figure  1)  (Task  lb). 


WT  Arf'1' 

chase  (min):  0  30  60  90  120  0  30  60  90120 


Figure  1.  Ribosome  DNA  transcription  and  rRNA  processing 
are  enhanced  in  the  absence  of  Arf.  Primary  MMECs 
harvested  from  wild-type  (WT)  and  Arf-/-  littermates  were 
cultured  in  the  presence  of  [3H-methyl]-methionine  for  30 
minutes  to  allow  for  the  labeling  of  the  47S  rRNA  transcript. 
Cells  were  then  washed  and  cultured  in  label-free  media  for 
the  indicated  times  to  chase  the  label  into  processed  rRNAs 
as  indicated  (Task  lb). 


Equal  Cell  Numbers 


For  Task  lc  &  d,  this  included  the  challenging  job  of  generating  polysome  arrays  derived  from  wild-type 
and  Ar/-deficient  cells.  In  this  endeavor,  we  have  been  extremely  successful.  We  isolated  2  pg  of 
polysome-associated  mRNA  from  fractions  harvested  by  gradient  centrifugation  and  constant  UV 
monitoring  (Figure  2).  Using  this  standard  technique,  it  is  clear  that  cells  lacking  Arf  contain  greater 
numbers  of  polysomes  actively  translating  mRNAs  (Figure  2,  compare  red  and  blue  lines  at  the  far  right 
end  of  the  sucrose  gradient). 


Figure  2.  Equal  numbers  of  wild-type  (WT)  and  Arf-/- 
MMECs  (3xl06)  were  isolated  and  incubated  with  50  pig/ml 
cycloheximide  to  freeze  ribosomes  on  mRNA.  Cells  were 
lysed  and  separated  on  continuous  sucrose  gradients  by 
ultracentrifugation.  Fractions  were  isolated  using  ISCO 
constant  UV  monitoring  and  plotted  as  absorbance  (254 
nm)  versus  gradient  position.  The  peaks  from  left  to  right 
are  40S,  60S,  80S  and  polysomes.  (Task  Id) 


We  next  isolated  mRNA  from  sucrose  gradient  fractions  taken  at  2  ml  intervals.  Thus,  each  fraction 
contained  approximately  2  pg  of  total  RNA  (mRNA  +  rRNA).  Isolated  mRNA  was  amplified  and  labeled 
for  microarray  analysis.  We  utilized  the  mouse  20k  gene  array  from  lllumina.  We  also  performed  this 
analysis  on  identical  samples  of  total  mRNA.  This  allowed  us  to  functionally  analyze  both  the 
transcriptome  (total  mRNA)  and  translatome  (polysome  mRNA)  from  wild-type  and  Arf-/-  cells.  As 
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shown  in  Figure  3,  WT  and  Arf-/-  total  and  polysomes  did  not  cluster  together  (Task  Id).  Rather, 
replicates  from  each  sample  clustered  nicely  which  allowed  us  to  perform  broad  statistical  analyses  on 
each  sample. 


PCA  Mapping  (69.8%) 


Figure  3.  mRNA  isolated  from  polysomes  of  wild-type 
(WT)  and  Arf-/-  MMECs  (3xl06)  was  hybridized  to 
lllumina  bead  chips  containing  mouse  mRNA  probes 
spanning  over  20,000  genes.  Total  RNA  was  also 
isolated  to  compare  transcriptome  to  translatome.  WT 
mRNA  is  depicted  as  squares  and  Arf-/-  as  triangles. 
Total  RNA  is  in  blue  and  polysome  RNA  is  in  red.  (Task 
Id) 


One  hypothesis  that  could  explain  the  differences  in  translation  we  observed  in  the  absence  of  Arf  could 
be  a  dysregulation  of  microRNA  biogenesis.  To  assess  this  possibility,  we  first  investigated  the 
expression  levels  of  Drosha,  a  key  component  of  primary  microRNA  processing  in  the  nucleoplasm. 
Wild-type  and  Arf-/-  MEFs  were  passaged  every  three  days  and  harvested  for  western  blot  analysis  using 
antibodies  recognizing  mouse  Drosha.  We  found  that  indeed  Drosha  protein  expression  increased  in  the 
absence  of  Arf  (Figure  4)  (Task  le). 
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Figure  4.  Arf  negatively  regulates  Drosha  protein  expression  in  a  transcriptionally  independent  manner,  (a-d,  left  column) 
Cells  of  the  indicated  genotype  were  lysed,  and  separated  proteins  were  immunoblotted  for  the  indicated  proteins.  Arfflox/flox 
astrocytes  were  infected  with  adenoviruses  encoding  (3-galactosidase  (LacZ)  or  Cre  recombinase  and  were  harvested  at  5  days 
post-infection  for  gene  expression  analysis.  Drosha  expression  fold  change  relative  to  WT  or  control  infected  cells  is  indicated, 
(a-d,  right  column)  Quantitative  RT-PCR  analysis  was  performed.  Drosha  mRNA  levels  were  normalized  to  Godph  mRNA  levels. 
Fold  change  was  calculated  using  the  AA CT  method.  Data  are  the  mean  ±  SEM  (N=3). 
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Figure  5.  Ras/PI3K/TSC/mTORCl  pathway  can  regulate  ARF.  For  all  panels,  infected  cells  were  lysed,  and  separated 
proteins  were  immunobloted  for  indicated  proteins.  Expression  fold  change  over  EV  or  LacZ  control  is  indicated.  (A)  Wild 
type  (WT)  MEFs  were  infected  with  retroviruses  encoding  empty  vector  or  RasV12  and  were  harvested  at  five  days  post 
infection.  Cells  were  treated  with  LY294002  or  vehicle  for  24  hours  prior  to  harvesting.  (B)  WT  or  Dmpl1-  MEFs  were 
infected  with  retroviruses  encoding  empty  vector  or  Ras  and  were  harvested  at  five  days  post  infection.  Ras  infected 
cells  were  treated  with  rapamycin  or  vehicle  for  24  hours  prior  to  harvesting.  (C)  Wild  type  MEFs  were  infected  with 
lentiviruses  encoding  short  hairpins  against  Tscl  or  siScrambled  control  and  were  harvested  at  seven  days  post  infection.  (D- 
E)  Tsclflox/flox  or  WT  MEFs  were  infected  with  adenoviruses  encoding  (3-galactosidase  (LacZ)  or  Cre  recombinase  and  were 
harvested  at  nine  days  post  infection.  (F)  Tscl+/flox  or  Tsclflox/flox  MEFs  were  infected  with  adenoviruses  encoding  (3- 
galactosidase  (LacZ)  or  Cre  recombinase  and  were  harvested  at  nine  days  post  infection.  (G)  Tsclflox/flox  MEFs  were  infected 
with  adenoviruses  encoding  (3-galactosidase  (LacZ)  or  Cre  recombinase  and  harvested  at  nine  days  post  infection.  Cre 
infected  cells  were  treated  with  rapamycin  or  vehicle  control  for  24  hours  prior  to  harvesting.  (H-l)  Tsclflox/flox  MEFs  were 
infected  with  adenoviruses  encoding  (3-galactosidase  (LacZ)  or  Cre  recombinase.  Cre  infected  cells  were  then  transduced 
with  short  hairpins  recognizing  Raptor  (H)  or  Rictor  (I)  or  siLUC  control  at  five  days  post  infection,  and  then  harvested  at  nine 
days  post  infection  for  western  blot  analysis. 
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We  hypothesized  that  the  phosphatidylinositol-3-kinase/mannmalian  target  of  rapamycin  (PI3K/mT0R) 
signal  transduction  pathway  could  potentially  regulate  ARF  expression.  To  begin  evaluating  this 
pathway,  wild-type  MEFs  were  transduced  with  RasV12  and  then  treated  with  LY294002,  a 
pharmacological  inhibitor  of  PI3K,  for  24  hours  prior  to  harvesting.  Decreased  levels  of  phospho-S6  (Ser 
240/244)  demonstrated  that  downstream  mTOR  signaling  was  abrogated  following  LY294002  treatment 
(Fig  5A).  RasV12  robustly  induced  ARF  protein  levels,  and  this  induction  was  abrogated  with  LY294002 
treatment  (Fig.  5A).  Furthermore,  wild-type  and  DmpTf~  MEFs  were  transduced  with  RasV12  and 
subsequently  treated  with  rapamycin,  the  pharmacological  inhibitor  of  mTOR,  for  24  hours  prior  to 
harvesting.  Repressed  levels  of  phospho-S6  (Ser  240/244)  revealed  that  mTOR  signaling  was  disrupted 
from  rapamycin  exposure  (Fig.  5B).  Tuberous  sclerosis  complex  1  (TSC1)  is  an  upstream  member  of  the 
mTOR  pathway.  We  hypothesized  that  activation  of  the  mTOR  pathway  by  acute  knockdown  of  TSC1 
would  induce  ARF  protein  levels.  To  test  this,  wild-type  MEFs  were  infected  with  lentiviruses  encoding 
siRNAs  recognizing  Tscl.  Two  hairpins  were  used  to  reduce  TSC1  expression  (Fig.  5C).  ARF  protein  levels 
were  up-regulated  from  transient  knockdown  of  TSC1  in  a  dose  dependent  manner  (Fig.  5C).  Also, 
Tsclflox/flox  MEFs  were  infected  with  adenoviruses  encoding  Cre  recombinase  or  a  (3-galactosidase  (LacZ) 
control.  Enhanced  levels  of  phospho-S6  (Ser  240/244)  demonstrated  that  hyper-activation  of  mTOR 
signaling  occurred  from  loss  of  Tscl  (Fig.  5D).  Genetic  ablation  of  Tscl  also  caused  an  increase  in  ARF 
protein  levels  (Fig.  5D),  corroborating  the  results  observed  from  using  RNAi  against  Tscl.  Moreover,  we 
infected  wild-type  MEFs  with  LacZ  or  Cre  to  ensure  that  this  finding  was  not  a  nonspecific  off-target 
effect  of  Cre  recombinase  or  adenoviral  infection  protocol  (Fig.  5E).  Additionally,  Tscl+/flox  and  Tsclflox/flox 
were  infected  with  Cre  or  LacZ  to  evaluate  a  dose  dependent  loss  of  Tscl  on  ARF  protein  levels  (Fig.  5F). 
Loss  of  one  copy  of  Tscl  was  sufficient  to  induce  ARF  protein  expression,  while  loss  of  both  copies  of 
Tscl  induced  ARF  protein  expression  to  a  greater  extent  (Fig.  5F).  To  investigate  whether  the  ARF 
induction  observed  from  the  loss  of  Tscl  is  dependent  on  TSC/mTOR  signaling,  we  infected  Tsclflox/flox 
MEFs  with  Cre  or  LacZ  control  and  then  treated  with  rapamycin  for  24  hours  prior  to  harvesting. 
Diminished  levels  of  phospho-S6  (Ser  240/244)  demonstrated  that  rapamycin  successfully  blocked  mTOR 
signaling  (Fig.  5G).  As  seen  before  with  RasV12  infection  (Fig.  5B),  ARF  protein  levels  induced  from  the 
loss  of  Tscl  were  sensitive  to  rapamycin  treatment  (Fig.  5G).  mTORCl  contains  Raptor,  LST8,  Deptor, 
PRAS40,  and  mTOR,  and  is  critical  for  regulating  protein  synthesis.  RNA  interference  was  used  to  acutely 
knockdown  Raptor  or  Rictor  in  order  to  respectively  assess  the  contributions  of  mTORCl  or  mTORC2 
following  Tscl  deletion  (Fig.  5H  and  Fig.  51).  Acute  knockdown  of  Raptor,  but  not  Rictor,  abrogated  the 
induction  of  ARF  expression  from  the  ablation  of  Tscl  (Fig.  5H  and  Fig.  51).  This  suggests  that  mTORCl, 
but  not  mTORC2,  is  necessary  for  mediating  mTOR  induction  of  ARF  (Task  If). 

To  further  test  the  hypothesis  that  translational  regulation  could  be  the  molecular  mechanism 
responsible  for  eliciting  ARF's  induction  from  mTOR  hyperactivation,  we  assessed  the  association  of  Arf 
mRNA  with  actively  translating  polyribosomes.  To  accomplish  this  task,  cytosolic  ribosomes  were 
isolated  by  sucrose  gradient  centrifugation  from  equal  numbers  of  Dmpl-7-  MEFs  infected  with  either 
RasV12  or  an  empty  vector  control  (Fig.  6A).  Ribosomal  RNAs  were  detected  by  continuous  UV 
monitoring  of  cytosolic  rRNAs'  absorbance  [A254nm]  (Fig  6B).  To  assess  the  distribution  of  Arf  mRNA 
transcripts  in  individual  fractions  comprising  isolated  monosomes,  disomes,  or  polysomes,  total  RNA 
was  isolated  from  each  sucrose  gradient  fraction  and  Arf  mRNA  levels  were  determined  with  qRT-PCR. 
Strikingly,  Ar/mRNA  transcripts  associated  with  different  polyribosome  fractions  in  Rasvl2-infected  and 
empty  vector-infected  Dmpl-null  cells  (Fig  6C).  In  Rasvl2-infected  DmpT '/_  MEFs,  Arf  mRNA  was  pooled 
to  a  heavier  polyribosome  fraction,  indicating  that  there  is  a  greater  extent  of  Arf  mRNAs  being  actively 
translated  by  multiple  ribosomes  (more  ribosomes  associated  per  mRNA)  in  these  cells  (Fig.  6C).  These 
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data  support  the  hypothesis  that  ARF  is  translationally  regulated  in  the  presence  of  oncogenic  RasV12 
signals  (Task  lg). 


A 


Dmpl 

- 1 

EV  RasV12 


- ARF 


Figure  6:  ARF  mRNA  associatation  with  actively 
translating  polyribosomes  increases  with  hyper¬ 
growth  stimuli.  Dmpl1-  MEFs  were  transduced 
with  retroviruses  encoding  empty  vector  or  RasV12 
and  were  harvested  at  five  days  post  infection  (A). 
Cytosolic  extracts  from  equal  number  of  cells 
(3xl06)  treated  for  5  minutes  with  cycloheximide 
(10  pg/mL)  were  separated  on  7  -  47%  sucrose 
gradients  with  constant  UV  monitoring.  (B)  The 
representative  graph  depicts  the  A254  absorbance 
of  ribosome  subunits  over  increasing  sucrose 
density.  (C)  Total  RNA  was  isolated  from  each 
sucrose  gradient  fraction.  Monosome,  disome,  and 
polysome  associated  Arf  mRNA  were  measured 
with  qRT-PCR  and  were  calculated  as  percentage  of 
total  Arf  mRNA  collected  in  all  fractions.  Data  are 
the  mean  +/-  S.E.M.  of  three  independent 
experiments,  and  P  values  are  calculated  using 
Student  t- test. 


Miceli  A.P.,  Saporita  A.J.,  and  Weber  J.D.  (2012).  Hyper-growth  mTORCl  signals  translationally  activate 
the  ARF  tumor  suppressor  checkpoint.  Molecular  and  Cellular  Biology,  32:  348-64. 

Kuchenreuther  M.J.  and  Weber  J.D.  (2013).  The  ARF  tumor  suppressor  controls  Drosha  translation  to 
prevent  Ras-driven  transformation.  Oncogene,  in  press. 

Task  2.  Examine  the  mechanism  behind  IMPM's  ability  to  promote  ribosome  biogenesis  and  cell  growth  in 

breast  epithelial  cells  (Months  1-36): 

a.  Determine  the  influence  of  NPM  on  ribosome  biogenesis  (Months  1-20).  50  mice  per  year. 

b.  Establish  the  role  of  nucleophosmin  (NPM)  in  cell  growth  of  Arf-/-  MEC  (Months  10-30).  50 
mice  per  year. 

c.  Validate  the  responsiveness  of  a  novel  5'-3'NPM-TOP  luciferase  reporter  construct  to  in 
vitro  mTOR  signals  (Months  12-36). 

d.  Identify  the  proteins  that  bind  to  the  5'  and  3'-UTR  of  NPM  mRNA  to  regulate  its 
translation  (Months  10-36). 

We  have  successfully  completed  this  entire  Task.  We  have  determined  the  critical  role  of  NPM  in 
regulating  ribosome  biogenesis  and  nuclear  export  (Task  2a  &  b).  This  activity  is  required  for  efficient 
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mRNA  translation  and  continued  cell  growth.  Moreover,  we  have  identified  FBP1  as  a  significant 
repressor  of  NPM  translation.  NPM  was  identified  in  our  previous  task  as  an  mRNA  whose  translation 
was  regulated  in  the  absence  of  ARF  or  in  the  presence  of  hyperactive  mTOR  signals. 

We  sought  to  evaluate  whether  the  NPM  5'  and  3'  UTRs  were  sufficient  to  modulate  translation  of 
another  ORF  in  a  manner  equivalent  to  translational  regulation  of  the  NPM  ORF.  Specifically,  we  wanted 
to  determine  whether  fusion  of  the  NPM  5'  and  3'  UTRs  to  a  firefly  luciferase  (flue)  ORF  rendered  Flue 
expression  sensitive  to  rapamycin.  To  test  this,  Tscl^'pSJ^  MEFs  were  transduced  with  plasmids 
encoding  NPM  5'  and  3'  UTR-flanked  flue.  Although  NPM  5'-luc-NPM  3'  protein  activity  increased  over 
the  duration  of  serum  stimulation,  this  induction  was  greatly  attenuated  in  the  presence  of  rapamycin 
compared  to  vehicle  (Fig.  7 A).  These  data  indicate  that  NPM  5'-luc-NPM  3'  activity  is  driven  by  changes 
in  translation  rather  than  transcription.  To  examine  whether  the  rapamycin-induced  reduction  of  NPM 
5'-luc-NPM  3'  activity  was  specific  for  an  mTOR-regulated  mRNA,  Tscl^pSJ^  MEFs  were  transduced 
with  plasmids  encoding  GAPDH  5'  and  3'  UTR-flanked  flue.  Notably,  rapamycin  failed  to  affect  GAPDH 
5'-luc-GAPDH  3'  activity  at  any  time  point  evaluated  (Fig.  7 B). 

To  examine  the  independent  roles  of  each  NPM  UTR  as  potential  targets  of  regulation,  we 
generated  chimeric  reporters  by  fusing  the  NPM  5'  UTR  and  the  GAPDH  3'  UTR  or  the  GAPDH  5'  UTR  and 
the  NPM  3'  UTR  to  the  respective  ends  of  the  flue  ORF.  Surprisingly,  NPM  5'-luc-GAPDH  3'  activity 
resembled  GAPDH  5'-luc-GAPDH  3'  activity,  with  rapamycin  having  no  effect  at  any  time  point  measured 
(Fig.  7C).  GAPDH  5'-luc-NPM  3'  activity,  however,  demonstrated  rapamycin  sensitivity  similar  to  that 
observed  with  NPM  5'-luc-NPM  3'  activity  (Fig.  7 D).  -sensitive  (Task  2c) 

Figure  7.  ( A-D )  Tsclv~p53v~  MEFs  were 

transfected  with  plasmids  depicted  in  S2 B.  Cells 
were  serum  starved  and  then  incubated  with 
10%  serum  in  the  presence  or  absence  of 
rapamycin  for  the  indicated  durations.  Plasmid 
expressing  CMV-driven  Renilla  luciferase  (Rluc) 
was  used  as  an  internal  control  for  transfection 
efficiency.  Photon  flux  was  calculated  by 
normalizing  firefly  luciferase  (Flue)  activity  to 
Rluc  activity.  Levels  of  Flue  mRNA  at  each  time 
point  were  measured  by  qRT-PCR  from  total  RNA 
isolated  from  transfected  MEFs.  Shown  is 
photon  flux  normalized  to  Flue  mRNA  levels. 
Data  are  mean  ±  s.d.  of  quadruplicate  samples 
per  condition  from  three  independent 
experiments  (*  P  <  0.05,  **  P  <  0.005,  Student's 
t- test).  (A)  Rapamycin  reduces  NPM  5'  UTR-Fluc- 
NPM  3'  UTR  activity.  (B)  Activity  of  GAPDH  5' 
UTR-Fluc-GAPDH  3'  UTR  is  unchanged  upon 
treatment  with  rapamycin.  (C)  Rapamycin  has  no 
effect  on  NPM  5'  UTR-Fluc-GAPDH  3'  UTR 
activity.  (D)  Activity  of  GAPDH  5'  UTR-Fluc-NPM 
3'  UTR  is  abrogated  upon  rapamycin  treatment. 
(Task  2c) 
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We  undertook  an  unbiased  approach  to  screen  for  putative  regulatory  binding  proteins  of  the  NPM  5' 
and  3'  UTRs.  We  utilized  an  RNA  pull-down  assay  coupled  to  mass  spectrometry  to  identify  proteins  that 
bind  the  NPM  5'  or  3'  UTR.  Whole  cell  lysates  prepared  from  Tscl^pS^'  MEFs  treated  with  vehicle  or 
rapamycin  were  incubated  with  biotinylated  NPM  5'  UTR  or  3'  UTR  RNA.  Several  proteins  were  found  to 
preferentially  interact  with  the  NPM  3'  UTR,  but  none  appeared  to  bind  exclusively  to  the  NPM  5'  UTR, 
consistent  with  reporter  assay  findings  (Fig.  8,  arrows)  (Task  2d). 


NPM  NPM 

5’  UTR  3’  UTR 

RNA  -  +  -  +  -  +  -  + 

rapamycin  -  -+  +  --+♦ 


Figure  8.  Identification  of  NPM  3'  UTR  binding  proteins. 
Lanes  indicated  as  RNA  (-)  represent  samples  pre-cleared 
with  streptavidin  sepharose.  Arrows  indicate  proteins 
selected  as  putative  regulatory  binding  proteins  of  the 
NPM  3'  UTR,  and  identified  proteins  are  shown.  (Task  2d) 


We  next  employed  mass  spectrometry  to  identify  putative  NPM  3'  UTR  binding  proteins  and  confirmed 
their  identities  as  FBP1,  FBP2  (also  known  as  KHSRP  or  KSRP),  and  heterogeneous  nuclear 
ribonucleoprotein  (hnRNP)  A/B.  To  evaluate  FBP  binding  specificity,  we  incubated  biotinylated  GAPDFI  5' 
UTR,  GAPDH  3'  UTR,  NPM  5'  UTR,  or  NPM  3'  UTR  RNA  with  whole  cell  lysates  from  Tsclv'p53v'  MEFs 
treated  with  vehicle  or  rapamycin.  Consistent  with  analyses  from  mass  spectrometry,  however,  FBP3 
was  undetectable.  FBP1  was  precipitated  exclusively  by  the  NPM  3'  UTR  (Fig.  9A).  FBP2  was  precipitated 
predominantly  by  the  NPM  3'  UTR,  but  also  by  the  GAPDH  3'  UTR  and  the  NPM  5'  UTR  in  vehicle-treated 
cells  (Fig.  9A).  FBP1  was  immunoprecipitated  from  whole  cell  extracts  prepared  from  Tscl^pSJ^  MEFs 
treated  with  vehicle  or  rapamycin  (Fig.  9B,  top).  Total  RNA  was  isolated  from  FBP1  immunoprecipitates, 
and  bound  NPM  mRNA  was  measured  by  qRT-PCR.  Significantly  higher  numbers  of  NPM  transcripts 
were  associated  with  FBP1  in  rapamycin-treated  cells  versus  vehicle-treated  cells  (Fig.  9B,  bottom). 
Moreover,  FBP1  protein  expression  dramatically  increased  upon  rapamycin  treatment  (Fig.  9C), 
suggesting  that  the  enhanced  number  of  NPM  transcripts  bound  by  FBP1  in  the  presence  of  rapamycin 
was  a  result  of  elevated  FBP1  expression. 
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10%  GAPDH  GAPDH  NPM  NPM 
input  5’ UTR  3!  UTR  5’  UTR  3!  UTR 
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Figure  9.  (/A)  FBP1  specifically  interacts  with  the  NPM  3' 
UTR.  (B)  Endogenous  NPM  mRNAs  preferentially  bind  FBP1 
in  rapamycin-treated  cells.  FBP1  was  immunoprecipitated 
(IP)  from  vehicle-treated  (-)  or  rapamycin-treated  (+)  Tscl 
*~p53^~  MEF  lysates  with  anti-FBPl  antibody.  Non-immune 
goat  serum  (IgG)  was  used  as  a  control.  NPM  mRNA  from 
immunoprecipitates  was  measured  by  qRT-PCR.  Data  are 
mean  ±  s.d.  of  triplicate  samples  from  three  independent 
experiments  (*  P  <  0.05,  Student's  t-test).  (C)  Rapamycin 
results  in  increased  FBP1  protein  expression.  (Task  2d) 


Brady  S.N.,  Maggi  L.B.,  Winkeler  C.L.,  Toso  E.A.,  Gwinn  A.S.,  Pelletier  C.L.  and  Weber  J.D.  (2009). 
Threonine  198  phosphorylation  is  dispensable  for  nucleophosmin's  essential  roles  in  growth  and 
proliferation.  Oncogene ,  28:  3209-3220. 

Olanich  M.E.,  Moss  B.L.,  Townsend  R.R.,  Piwnica-Worms  D.,  and  Weber  J.D.  (2011).  Identification  of 
FUSE-binding  protein  1  as  a  regulatory  mRNA-binding  protein  that  represses  nucleophosmin  translation. 
Oncogene,  30:  77-86. 

Task  3.  Establish  the  oncogenic  potential  of  the  p68DDX5  RNA  helicase  (Months  24-48): 

a.  Determine  whether  p68  is  required  for  ribosome  biogenesis  (Months  24-36). 

b.  Determine  whether  NPM  and  p68  are  phenocopies  of  one  another  (Months  24-36)  50 
mice  per  year. 

c.  Examine  the  role  of  p68  in  breast  cancer  cell  growth  (Months  36-48)  50  mice  per  year. 

d.  Develop  a  high-throughput  assay  for  p68  helicase  activity  (Months  36-48). 
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We  have  successfully  completed  this  entire  Task.  We  have  shown  that  p68DDX5  is  required  for  efficient 
transformation  of  cells  by  oncogenic  RasV12.  While  DDX5  is  not  itself  a  potent  oncogene,  its  activity 
does  drive  rDNA  transcription.  This  appears  to  be  a  rate-limiting  factor  during  ribosome  biogenesis  and 
cell  growth.  Additionally,  DDX5  localization  is  altered  in  the  absence  of  ARF  tumor  suppression, 
suggesting  a  link  between  its  location  and  activity. 

We  next  addressed  whether  DDX5  was  necessary  for  breast  cancer  cell  growth,  initially  focusing  on  cell 
lines  exhibiting  DDX5  copy  number  gains.  This  rationale  was  supported  by  previous  work  studying 
another  gene  on  the  17q22-24  amplicon,  PPM1D.  Depletion  of  DDX5  by  transduction  of  shRNA 
constructs  was  demonstrated  for  ER+  breast  cancer  cells  both  with  and  without  DDX5  amplification  (Fig 
10A).  The  proliferation  of  the  four  ER+/££X5-amplified  breast  cancer  cells  was  then  assessed  in  the 
presence  of  estradiol  or  fulvestrant.  HCC1428  cells  formed  colonies  in  long-term  growth  assays 
conducted  in  estradiol,  but  knockdown  of  DDX5  prevented  colony  formation  (Fig  10B).  Many  of  the 
other  breast  cancer  cell  lines,  however,  poorly  formed  colonies  when  plated  at  low  density  (data  not 
shown),  so  proliferation  assays  were  conducted  instead.  The  proliferation  of  MCF-7  cells  cultured  in 
estradiol  was  decreased  by  shRNA-mediated  reduction  of  DDX5  expression  (Fig  IOC).  In  the  presence  of 
fulvestrant,  the  proliferation  of  MCF-7  cells  was  severely  restricted.  Whereas  control  cells  survived  in 
the  presence  of  fulvestrant,  cells  expressing  shRNAs  against  DDX5  exhibited  increased  cell  death, 
resulting  in  fewer  cells  at  the  experimental  endpoint  than  were  originally  plated  (Fig  10D).  Thus,  DDX5 
expression  is  required  to  maintain  MCF-7  growth  rates  in  the  presence  of  estrogen  and  survival  in  the 
presence  of  fulvestrant  (Task  3c). 
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Figure  10:  Effects  of  DDX5  knockdown  on  the 
proliferation  of  ER+  breast  cancer  cells  with 
and  without  DDX5  amplification.  (A)  Western 
blot  demonstrating  efficient  knockdown  of 
DDX5  in  ER+  breast  cancer  cell  lines  HCC1428, 
MCF-7,  CAMA-1,  and  ZR-751.  (B)  HCC1428  cells 
were  transduced  with  shRNA  and  plated  at  a 
density  of  5000  cells  per  dish  to  assess  foci 
formation.  After  24  days  in  culture  in  the 
presence  of  lOnM  estradiol,  foci  were  fixed, 
stained,  and  counted.  MCF-7  cells  were  plated 
for  a  proliferation  assay  in  the  presence  of  (C) 
estradiol  or  (D)  fulvestrant.  (E)  CAMA-1  and  (F) 
ZR-751  cells  were  plated  for  a  proliferation 
assay  and  cells  were  counted  over  the  course  of 
the  experiment. 
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To  analyze  the  requirement  for  DDX5  in  non-transformed  mammary  epithelial  cells,  we  again  utilized 
MCF-10A  cells  and  TLM-HMECs.  Depletion  of  DDX5  in  MCF-10A  cells  (Fig.  11A)  reduced  proliferation  (Fig 
11B).  DDX5  interacts  with  NPM  in  TLM-HMEC  s  (Fig  11C).  Depletion  of  DDX5  in  TLM-HMECs  (Fig.  11D) 
resulted  in  a  significant  reduction  in  colony  formation  (Fig  HE).  These  data  suggest  that  DDX5  is 
required  to  sustain  proliferation  rates  in  both  non-transformed  and  pre-transformed  mammary 
epithelial  cells. 


Figure  11:  DDX5  is  required  to  maintain 
the  proliferation  rates  of  human 
mammary  epithelial  cells.  (A)  Western 
blot  demonstrating  effective  knockdown 
of  DDX5  in  MCF-10A  cells  transduced  with 
lentiviral  shRNAs.  (B)  Transduced  MCF- 
10A  cells  were  plated  at  a  density  of  2  x 
104  cells  per  well  of  a  12-well  plate  for  a 
proliferation  assay.  Cell  counts  were 
taken  in  quadruplicate  over  a  6  day  time 
course.  (C)  Co-immunoprecipitation  of 
DDX5  and  NPM  was  observed  in  TLM- 
HMEC  cell  lysates.  (D)  Western  blot 
demonstrating  the  efficacy  of  shRNA- 
mediated  DDX5  depletion  in  transduced 
TLM-HMECs.  (E)  Foci  formation  of 
transduced  TLM-HMECs  was  assessed 
after  17  days  in  culture. 


Saporita  A.J.,  Chang  H-C.,  Winkeler  C.L.,  Apicelli  A.J.,  Kladney  R.,  Wang  J.C.,  Townsend  R.R.,  Michel  L.S., 
and  Weber  J.D.  (2011).  RNA  helicase  DDX5  is  a  p53-independent  target  of  ARF  that  participates  in 
ribosome  biogenesis.  Cancer  Research,  71:  6708-17. 

Task  4.  Determine  the  contribution  of  ARF  translation  targets  to  breast  cancer  formation  (Months  30- 

60): 

a.  Identify  ARF  translation  targets  (Months  30-42).  50  mice  per  year. 

b.  Clone  5'  and  3'  UTRs  of  ranked  targets  into  luciferase  reporters  (Months  36-48). 

c.  Perform  yeast  three  hybrid  and  RNA  immunoprecipitation  of  UTRs  to  identify  bound 
proteins  (Months  40-50). 

d.  Determine  whether  these  bound  proteins  regulate  translation  of  each  mRNA  (Months  50- 
60). 
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We  have  successfully  completed  most  of  this  Task.  We  have  identified  numerous  mRNAs  whose 
translation  is  altered  in  the  absence  of  ARF.  We  have  been  able  to  clone  most  of  the  3'  and  5'  UTRs  of 
these  mRNAs  and  compare  them  with  existing  sequences  in  the  PubMed  database.  Our  yeast  three- 
hybrid  assay  did  not  work  as  planned.  The  overall  background  was  far  too  high  to  gain  any  meaningful 
results  from.  We  believe  this  is  due  to  the  RNA  having  a  high  affinity  for  the  bait  protein  in  our  setting. 
Instead,  we  chose  to  focus  on  RNA  immunoprecipitations  like  those  performed  in  Task  2  where  we  were 
successful  in  identifying  FBP-1  as  a  binding  protein  for  NPM  mRNA.  We  have  focused  on  the  DFIX33 
helicase  that  is  negatively  regulated  by  ARF.  DHX33,  like  DDX5,  was  required  for  RasV12  transformation, 
but  itself  was  not  an  oncogene.  We  believe  that  we  have  uncovered  a  novel  network  of  RNA  helicase 
family  members  that  function  to  promote  a  transforming  environment. 

To  dissect  the  mechanism  of  DFIX33  reduction  by  ARF,  we  first  analyzed  DHX33  mRNA  levels.  qRT-PCR 
was  performed  on  total  RNAs  isolated  from  ARF-  and  RasV12-infected  cells  at  2,  3  and  5  days  post¬ 
infection.  Both  GAPDFI  mRNA  and  actin  mRNAs  were  used  as  internal  controls.  We  observed  no 
significant  change  in  DFIX33  mRNA  expression  at  each  time  point  after  ARF  or  Ras  V12  infection  of  WT 
MEFs  as  compared  to  the  empty  vector  control  (Fig.l2A).  These  results  indicate  that  reduction  of 
DFIX33  by  ARF  does  not  occur  by  transcriptional  regulation.  To  determine  whether  reduction  of  DFIX33 
by  ARF  induction  is  due  to  protein  stability,  we  analyzed  the  half-life  of  DHX33  in  WT  MEFs  following 
cycloheximide  treatment  at  increasing  times  (Fig.  12C).  We  measured  a  half-life  of  3  hours  for 
endogenous  DHX33  protein.  As  a  control,  we  also  determined  NPM  (a  stable  protein  target  of  ARF) 
protein  stability.  As  shown  in  Fig.  12C,  the  observed  NPM  half-life  was  15  hours,  consistent  with  a 
previous  report.  To  determine  whether  DFIX33  protein  reduction  was  due  to  accelerated  protein 
degradation  upon  ARF  induction,  cells  were  treated  with  MG132,  a  28S  proteasome  inhibitor,  for  6 
hours.  As  shown  in  Fig.  12B,  we  found  that  DHX33  was  not  stabilized  in  the  presence  of  MG132.  As  a 
positive  control,  p21CIPl  was  stabilized  to  a  significant  degree  with  MG132  treatment,  demonstrating 
that  MG132  is  functioning  as  expected  to  inhibit  26S  proteasome.  These  results  imply  that  reduction  of 
DFIX33  in  the  presence  of  ARF  is  not  due  to  accelerated  protein  degradation. 

To  determine  whether  DHX33  reduction  was  due  to  translational  repression  of  existing  DHX33  mRNAs, 
we  chose  to  analyze  polysome-associated  DFIX33  mRNAs.  We  performed  a  polysome  fractionation  by 
sucrose  gradient  following  lysis  of  WT  MEFs  that  were  either  transduced  with  vector  control  or  ARF 
overexpressing  retroviruses  (Fig.  12D).  We  analyzed  the  mRNA  distribution  of  DFIX33  in  monosome  and 
polysome  fraction  by  qRT-PCR.  As  shown  in  Fig.  12E,  we  found  that  in  ARF-infected  WT  MEFs,  a  large 
portion  of  DFIX33  mRNAs  (up  to  60%  of  total  mRNA)  had  moved  into  the  mono-ribosome  fractions 
(primarily  associating  with  40S  ribosome  subunit).  Conversely,  empty  vector-infected  WT  MEFs 
exhibited  a  majority  of  their  DFIX33  mRNAs  associated  with  polysomes  (70%).  These  data  clearly 
indicate  that  ARF  induction  causes  a  translational  repression  of  DHX33  in  the  cytoplasm,  resulting  in  an 
inhibition  of  translation  initiation  with  DHX33  mRNAs  being  locked  onto  40S  ribosome  subunits  (Task  4a 
and  d). 
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Figure  12.  Induction  of  ARF  inhibits  DHX33  translation.  (A)  Wild  type  MEFs  were  infected  with  retroviruses  encoding  empty  vector, 
pl9ARF  or  RasV12  and  total  RNA  was  extracted  from  each  sample  at  2  days,  3  days  or  5  days  post-infection.  DHX33  mRNA  levels  were 
analyzed  by  qPCR  with  GAPDH  as  an  internal  control.  (B)  Wild  type  MEFs  were  treated  with  cycloheximide  at  60pg/ml  for  the 
indicated  times.  Whole  cell  extracts  were  prepared  and  analyzed  by  western  blot  for  the  DHX33  protein  degradation  rate,  tubulin  was 
used  as  a  loading  control,  and  NPM  was  used  as  a  positive  control  for  protein  degradation  in  the  presence  of  cycloheximide. 
Quantitation  of  the  signals  from  the  time  course  of  DHX33  degradation  and  NPM  degradation  is  depicted.  (C)  Wild  type  MEFs  infected 
with  retroviruses  encoding  empty  vector  (EV)  or  pl9ARF  were  treated  with  either  20pM  or  50pM  of  MG132  for  6  hours  and  total  cell 
lysates  were  prepared  and  subjected  to  western  blot  analysis  with  the  indicated  antibodies.  p21  protein  stabilization  was  used  as  a 
positive  control  to  monitor  MG132  function.  (D)  1.5xl06  wild  type  cells  infected  with  retroviruses  encoding  empty  vector  or  pl9ARF 
were  subjected  to  cytosolic  polysome  fractionation.  Absorbance  was  monitored  at  254nm  and  resultant  ribosome  profiles  are  shown 
for  each  sample.  (E)  Left:  Above-mentioned  fractions  from  mono-ribosomes  or  polysomes  were  subjected  to  total  RNA  isolation  and 
q-PCR  analysis  to  detect  DHX33  mRNA  levels.  GAPDH  mRNA  levels  were  used  as  a  control.  Data  presented  is  the  percentage  of  mRNA 
from  each  fraction  calculated  from  a  standard  curve  generated  by  a  series  of  diluted  DHX33  plasmid.  Right:  Bar  graph  is  presented  as 
a  total  percentage  of  mRNA  levels  for  DHX33  and  GAPDH  in  monosome  or  oolvsome  fractions  under  each  condition. 
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KEY  RESEARCH  ACCOMPLISHMENTS 

•  Arf- null  mouse  mammary  epithelial  cells  (MMECs)  are  spontaneously  immortal  in  culture  (Task 
la) 

•  Arf- null  MMECs  are  diploid  and  genomically  stable  (Task  la) 

•  rDNA  transcription  is  elevated  in  the  absence  of  Arf  (Task  lb) 

•  rRNA  processing  is  enhanced  in  the  absence  of  Arf  (Task  lb) 

•  Ar/-null  mouse  mammary  epithelial  cells  (MMECs)  contain  unique  polysome  mRNA  profiles  (Task 

ld) 

•  Drosha  protein  expression  is  elevated  in  the  absence  of  Arf  (Task  le) 

•  Arf-nu\\  MECs  have  a  distinct  miRNA  profile  (Task  le) 

•  ARF  negatively  regulates  Drosha  protein  expression  via  a  translational  mechanism  (Task  le) 

•  ARF  mRNA  is  not  induced  by  mTOR  pathway  activation  (Task  If) 

•  ARF  translation  is  altered  in  the  absence  of  Tscl  (Task  If) 

•  Drosha  knockdown  significantly  inhibits  Ras-induced  transformation  in  the  absence  of  ARF  (Task 

le) 

•  mTORCl  regulates  the  translation  of  ARF  (Task  If) 

•  MAPK  and  mTOR  pathways  converge  to  regulate  ARF  protein  expression  (Task  If) 

•  MAPK  cross-talks  with  the  mTOR  pathway  to  regulate  ARF  (Task  If) 

•  ARF  mRNA  is  not  transcribed  or  stabilized  more  in  the  presence  of  RasV12  (Task  lg) 

•  The  3'-UTR  of  NPM  imparts  rapamycin  sensitivity  (Task  2c) 

•  The  5'  and  3'  UTRs  of  NPM  work  together  to  regulate  NPM  translation  in  response  to  growth 
stimuli  (Task  2c) 

•  NPM  and  eEFlal  5'  TOP  mRNAs  are  translationally  repressed  by  rapamycin  (Task  2c) 

•  The  eEFlal  5'  UTR,  but  not  the  NPM  5'  UTR,  is  sufficient  to  confer  rapamycin  sensitivity  to 
luciferase  (Task  2c) 

•  The  NPM  5'  TOP  motif  is  neither  necessary  nor  sufficient  for  growth-dependent  translational 
control  of  the  NPM  mRNA  (Task  2c) 
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•  The  eEFlal  5'  TOP  motif  functionally  dominates  the  NPM  TOP  (Task  2c) 

•  FBP1  interacts  with  the  3'-UTR  of  NPM  to  halt  NPM  translation  (Task  2d) 

•  p68  increases  ribosome  production  (Task  3a) 

•  ARF  impairs  association  of  DDX5  with  the  nuclear  pre-ribosome  fractions  (Task  3a) 

•  Overexpression  of  DDX5  promotes  ribosome  output  (Task  3a) 

•  ARF  overexpression  and  DDX5  knockdown  each  reduce  the  cytosolic  polysome  profile  in  a  p53- 
independent  manner  (Task  3a) 

•  Npml+/~  and  Ddx5+/~  genotypes  partially  rescue  the  Arf-/-  mouse  tumor  phenotype  (Task  3b). 

•  p68  is  required  for  breast  cancer  cell  growth  and  proliferation  (Task  3c) 

•  p68  is  required  for  RasV12-induced  transformation  (Task  3c) 

•  DDX5  is  a  crucial  non-oncogene  in  human  breast  cancer  (Task  3c) 

•  The  ARF-regulated  interaction  between  DDX5  and  NPM  is  required  for  the  growth-stimulatory 
effects  of  DDX5  (Task  3c) 

•  We  have  characterized  the  DDX5-NPM  interaction  by  a  split  luciferase  complementation  assay 
(Task  3d) 

•  We  have  identified  DFIX33  as  a  translational  target  of  ARF  (Task  4a) 

•  DFIX33  upregulation  in  the  absence  of  ARF  is  important  for  Ras-initiated  tumor  formation  (Task 
4d) 
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Abstracts/Presentations: 

"Understanding  and  targeting  cell  growth  networks  in  breast  cancer"  presented  at  the  Era  of  Hope 
Conference  in  February  2009. 

Patents/Licenses:  None 

Animal  Models:  We  have  generated  a  novel  mouse  model  in  the  first  year  of  this  grant.  The  model  is  an 
Arfm  mouse  on  a  pure  C57BI6  background  that  was  mated  to  a  mixed  MMTV-Cre  mouse.  The  resulting 
Arfm/ MMTV-Cre  mouse  lacks  ARF  expression  in  mammary  tissues.  These  mice  will  be  available  for  free 
to  any  researcher  that  requests  them. 

In  the  second  year,  we  have  generated  Npml+/-Arf-/~  and  Ddx5+/-Arf-/~  mice  that  will  be  free  to  any 
research  that  requests  them. 

In  the  fourth  year,  we  have  generated  Arffl/fl-Blg-Cre,  which  will  be  free  to  any  research  that  requests 
them. 

Cell  Lines: 

We  have  developed  a  unique  primary  mouse  mammary  epithelial  cell  (MMEC)  line  lacking  the  ARF 
tumor  suppressor.  These  were  established  directly  from  Arf  knockout  mice  on  a  pure  C57BI6 
background.  The  Ar/-null  MMECs  maintain  a  diploid  phenotype  and  wild-type  p53.  These  cells  are 
spontaneously  immortal  and  contain  no  artificial  genes  or  plasmid  constructs. 

We  have  developed  a  unique  primary  mouse  mammary  stem  cell  line  lacking  the  ARF  tumor  suppressor. 
These  were  established  directly  from  Arf  knockout  mice  on  a  both  a  pure  C57BI6  background  and  mixed 
C57BI6/129  background.  TheAr/-null  stem  cells  maintain  a  diploid  phenotype  and  wild-type  p53.  These 
cells  are  spontaneously  immortal  and  contain  no  artificial  genes  or  plasmid  constructs. 
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CONCLUSION 

Our  results  provide  a  new  perspective  for  understanding  the  tumor  suppressor  function  of  ARF,  which 
has  classically  been  thought  of  as  a  checkpoint  sensor  of  hyperproliferative  signals.  The  data  presented 
here  suggest  that  an  equally  important  mechanism  by  which  ARF  functions  as  a  tumor  suppressor  is  to 
limit  ribosome  output  as  a  defense  against  oncogene  activation  and  the  attendant  enhanced  cellular 
protein  requirements.  Whereas  loss  of  Arf  results  in  a  cellular  environment  permissive  toward  oncogenic 
transformation,  knockdown  of  Drosha  or  DHX33  can  reduce  susceptibility  to  transformation.  Therefore, 
in  the  absence  of  Arf,  Drosha  and  DHX33  become  requisite  non-oncogene  effectors  that  promote  an 
increased  translational  output  in  accord  with  the  higher  demand  for  protein  production  required  upon 
oncogene  activation.  The  ability  of  ectopic  Drosha  and  DHX33  expression  to  stimulate  ribosome 
biogenesis  and  growth  in  wild-type  MEFs  further  proves  the  central  role  of  Drosha  and  DHX33  in 
regulating  this  translational  output. 

Our  data  showing  the  growth-stimulatory  functions  of  Drosha  in  ribosome  biogenesis  provides  a  strong 
rationale  to  explain  the  link  between  Drosha  and  cancer.  We  are  just  beginning  a  new  analysis  of  breast 
tumors  to  evaluate  any  gains  in  DHX33  expression.  Although  still  in  its  infancy,  most  non-oncogenes  are 
thought  of  as  critical  regulators  of  cellular  stress  responses  and  that  their  expression  provides  cancer 
cells  the  means  to  tolerate  multiple  stresses  (9).  Drosha  and  DHX33  may  represent  a  class  of  non¬ 
oncogenes  whose  activities  are  unleashed  in  the  absence  of  crucial  tumor  suppressors.  In  this  setting, 
the  role  of  the  Drosha  non-oncogene  is  to  make  a  required  cellular  process,  such  as  ribosome 
biogenesis,  more  efficient  or  prolific  in  preparation  for  the  tremendous  protein  synthesis  demands 
following  malignant  transformation.  It  remains  to  be  determined  whether  Drosha  will  be  an  efficacious 
target  in  the  treatment  of  cancer;  however  our  results  validate  its  importance  in  supplying  the  sustained 
ribosome  output  required  for  oncogenic  transformation.  Finally,  DDX5  participation  in  ribosome 
biogenesis  is  negatively  regulated  by  ARF,  which  inhibits  the  DDX5-NPM  interaction,  suggesting  a 
dynamic  interplay  through  which  ARF  and  DDX5  duel  for  nucleolar  growth  control.  We  have  established 
a  unique  split  luciferase  model  system  to  begin  to  pre-clinically  test  compounds  that  might  disrupt  this 
interaction  and  prove  efficacious  in  the  treatment  of  cancers  harboring  ARF  loss  or  DDX5  gain. 
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The  ARF  tumor  suppressor  is  a  potent  sensor  of  hyperproliferative  cues  emanating  from  oncogenic  signaling.  ARF  responds  to 
these  cues  by  eliciting  a  cell  cycle  arrest,  effectively  abating  the  tumorigenic  potential  of  these  stimuli.  Prior  reports  have  demon¬ 
strated  that  oncogenic  RasV12  signaling  induces  ARF  through  a  mechanism  mediated  by  the  Dmpl  transcription  factor.  How¬ 
ever,  we  now  show  that  ARF  protein  is  still  induced  in  response  to  RasV12  in  the  absence  of  Dmpl  through  the  enhanced  transla¬ 
tion  of  existing  Ar/mRNAs.  Here,  we  report  that  the  progrowth  Ras/tuberous  sclerosis  complex  (TSC)/mTORCl  signaling 
pathway  regulates  ARF  protein  expression  and  triggers  ARF-mediated  tumor  suppression  through  a  novel  translational  mecha¬ 
nism.  Hyperactivation  of  mTORCl  through  Tscl  loss  resulted  in  a  significant  increase  in  ARF  expression,  activation  of  the  p53 
pathway,  and  a  dramatic  cell  cycle  arrest,  which  were  completely  reversed  upon  Arf  deletion.  ARF  protein  induced  from  RasV12  in 
the  absence  of  Dmpl  repressed  anchorage-independent  colony  formation  in  soft  agar  and  tumor  burden  in  an  allograft  model. 
Taken  together,  our  data  demonstrate  the  ability  of  the  ARF  tumor  suppressor  to  respond  to  hypergrowth  stimuli  to  prevent 
unwarranted  tumor  formation. 


Regulatory  checkpoints  are  key  for  maintaining  homeostasis  in 
the  cell.  Transit  through  the  mammalian  cell  cycle  is  tightly 
regulated  by  a  series  of  essential  checkpoints  that  prevent  progres¬ 
sion  in  the  presence  of  hyperproliferative  signals  or  genotoxic  in¬ 
sults,  such  as  DNA  damage,  a  stalled  replication  fork,  or  improper 
spindle  assembly  (7,  9,  22).  These  and  several  other  regulatory 
checkpoints  are  so  critical  for  cellular  homeostasis  that  their  loss 
contributes  to  the  deleterious  events  that  are  among  the  hallmarks 
of  cancer  (12). 

The  ARF  tumor  suppressor  functions  as  an  important  check¬ 
point  in  the  cell,  acting  as  a  key  sensor  of  hyperproliferative  sig¬ 
nals.  ARF  is  one  of  the  two  tumor  suppressors  encoded  by  the 
CDKN2A  (Ink4a/Arf)  locus  (37).  ARF  functions  in  both  p53- 
dependent  and  p53 -independent  manners  (42).  Arf~'~  mice  are 
highly  tumor  prone,  predominantly  developing  spontaneous  fi¬ 
brosarcoma  and  lymphoma  malignancies  (20,  21).  Deletion  or 
silencing  of  the  Ink4a/Arf  locus  through  hypermethylation  of  the 
promoters  is  extremely  common  in  a  multitude  of  human  tumors; 
among  these  are  numerous  examples  where  ARF  function  is  spe¬ 
cifically  abrogated  independently  of  pl6INK4a  (40).  These  obser¬ 
vations  underscore  the  significance  of  the  antitumorigenic  func¬ 
tions  of  ARF  and  the  necessity  of  cancer  cells  to  evade  ARF  tumor 
suppression. 

Basal  expression  of  ARF  is  nearly  undetectable.  However,  ARF 
protein  levels  are  robustly  upregulated  in  response  to  excessive 
proliferative  cues,  such  as  those  emanating  from  the  RasV12,  Myc, 
E1A,  v-Abl,  and  E2F  oncoproteins  (3,  8,  34,  38,  56).  Upon  induc¬ 
tion,  ARF  binds  MDM2,  the  E3  ligase  responsible  for  targeting  p53 
for  proteasome-mediated  degradation  (52).  ARF’s  sequestration 
of  MDM2  in  the  nucleolus  allows  p53  to  accumulate  in  the  nucle¬ 
oplasm  and  to  activate  downstream  targets  that  trigger  cell  cycle 
arrest  (53). 

Cell  proliferation  and  cell  growth  are  intimately  linked.  As 
such,  proliferative  and  growth  stimuli  often  invoke  cross  talk  at 
key  signaling  networks  to  properly  regulate  the  timing  of  cell  cycle 
progression  and  protein  synthesis.  A  key  player  in  this  regulation 


is  the  mammalian  target  of  rapamycin  (mTOR)  signal  transduc¬ 
tion  pathway  (36).  mTOR  is  a  conserved  serine/threonine  kinase 
that  assembles  into  two  major  multiprotein- containing  com¬ 
plexes,  mTORCl  and  mTORC2  (57),  each  of  which  is  reported  to 
serve  a  unique  function  in  the  cell  (29).  mTORCl  contains  Rap¬ 
tor,  LST8,  Deptor,  PRAS40,  and  mTOR  and  is  critical  for  regulat¬ 
ing  protein  synthesis;  mTORC2  includes  Rictor,  LST8,  Deptor, 
Protor,  Sinl,  and  mTOR  and  plays  a  role  in  cytoskeletal  organiza¬ 
tion  (57).  mTOR  responds  to  several  upstream  stimuli,  including 
growth  factors  and  nutrients.  Upstream  signaling  is  propagated 
through  Ras  and  phosphatidylinositol  3 -kinase  (PI3K)  (41).  In 
addition,  the  tuberous  sclerosis  complex  (TSC)  gene  products  are 
critical  upstream  negative  regulators  of  mTORCl  signal  transduc¬ 
tion  (15);  loss  of  either  Tscl  or  Tsc2  results  in  constitutive 
mTORCl  signaling  and  increased  phosphorylation  of  S6K1  (ribo- 
somal  protein  S6  kinase  1)  and  initiation  factor  4E  binding  protein 
1  (4EBP1).  This  has  direct  consequences  for  the  protein  transla¬ 
tion  machinery  and  the  downstream  gene  targets  that  are  regu¬ 
lated  by  this  pathway  (14).  Mutations  among  pathway  members 
are  common  in  hamartoma-forming  syndromes  and  a  broad 
spectrum  of  human  cancers  (11,  13). 

Given  ARF’s  central  role  in  sensing  hyperproliferative  signals, 
we  hypothesized  that  ARF  might  also  be  sensitive  to  hypergrowth 
cues  emanating  from  mTORCl  signaling.  In  this  report,  we  inves¬ 
tigated  ARF  gene  expression  and  function  in  response  to  hyperac¬ 
tivation  of  the  progrowth  mTORCl  signal  transduction  pathway. 
Importantly,  we  also  interrogated  ARF  function  in  the  absence  of 
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collaborating  signals  from  the  Dmpl  transcription  factor,  the  only 
known  regulator  of  ARF  induction  from  RasV12.  RasV12  expression 
in  murine  embryonic  fibroblasts  (MEFs)  lacking  Dmpl  resulted  in 
increased  ARF  protein  levels,  suggesting  that  (i)  Dmpl -mediated 
transcription  of  Arf  is  not  obligatory  for  ARF  induction  and  (ii- 
another  pathway  downstream  of  Ras  must  modulate  ARF  expres¬ 
sion.  Using  pharmacological  and  genetic  manipulation,  we  now 
show  that  the  Ras/TSC/mTORCl  pathway  regulates  ARF  through 
a  novel  translational  mechanism.  Based  on  our  findings,  we  pro¬ 
pose  that  ARF  can  respond  to  hypergrowth  signals  emanating 
from  a  hyper  activated  mTORCl  pathway  to  prevent  tumor  for¬ 
mation. 

MATERIALS  AND  METHODS 

Mice  and  cell  culture.  TsclT°x/T°x  mice  were  a  generous  gift  from  Jeffrey 
Arbeit  (Washington  University,  St.  Louis,  MO)  (23),  with  permission 
from  David  Kwiatkowski  (Harvard  University,  Cambridge,  MA). 
Tsclflox/flox  and  Ar/_/_  mice  were  intercrossed  for  several  generations  to 
generate  TsclT°x/T°x;  Arf~/_  mice.  Inbred  homozygous  female  athymic 
nude  mice  ( Foxnlnu/Foxnlnu )  were  purchased  from  Jackson  Laboratory 
(Bar  Harbor,  ME).  Nude  mice  were  5  weeks  old  at  the  time  of  purchase 
and  were  housed  in  our  facility  until  they  were  approximately  7  weeks  of 
age  to  acclimate  to  the  new  facility  before  injections  were  performed. 
Low-passage  (passage  3  [P3]  to  P5)  primary  murine  embryonic  fibro¬ 
blasts  for  all  described  genotypes  were  established  as  previously  described 
(21)  and  maintained  in  Dulbecco’s  modified  Eagle’s  medium  supple¬ 
mented  with  10%  fetal  bovine  serum,  2  mM  glutamine,  0.1  mM  nones¬ 
sential  amino  acids,  2  /xg/ml  gentamicin.  Etoposide  (Sigma,  St.  Louis, 
MO)  and  rapamycin  (LC  Laboratories,  Woburn,  MA)  were,  respectively, 
used  at  final  concentrations  of  50  /xM  and  100  nM. 

Viral  production  and  infections.  pBabe-puro-H-RasV12  was  a  gener¬ 
ous  gift  from  Martine  Roussel  (St.  Jude  Children’s  Research  Hospital, 
Memphis,  TN).  pBabe-HA-ARF  (where  HA  is  hemagglutinin),  pWZL- 
GFP-IRES-blast  (where  GFP  is  green  fluorescent  protein  and  blast  is  blas- 
ticidin),  and  pWZL-Rasvl2-IRES-blast  have  been  previously  described  (4, 
51).  Retroviral  production  was  performed  as  previously  described  (4, 39). 
Retroviral  helper  DNA  was  kindly  provided  by  Charles  Sawyers  (Univer¬ 
sity  of  California  Los  Angeles,  Los  Angeles,  CA).  Collected  retrovirus  was 
used  to  infect  MEFs  in  the  presence  of  10  /xg/ml  Polybrene.  Infected  MEFs 
were  selected  in  2  /xg/ml  puromycin  and  were  harvested  for  analysis  at  5 
days  postinfection.  For  the  production  of  lentiviruses  encoding  short 
hairpin  RNAs,  5  X  105  293T  cells  were  cotransfected  using  Lipofectamine 
2000  (Invitrogen,  Carlsbad,  CA)  with  pHCMV.G,  CMVAR8.2,  and 
pLKO.l-puro  constructs.  Viral  supernatants  were  collected  and  pooled. 
Infected  MEFs  were  selected  in  2  /xg/ml  puromycin  and  were  harvested  for 
analysis  at  5  days  postinfection.  High-titer  adenoviruses  encoding 
/3-galactosidase  (Ad5CMVntLacZ  [Ad-LacZ])  or  Cre  recombinase 
(Ad5CMVCre  [Ad-Cre] )  were  purchased  from  the  Gene  Transfer  Vector 
Core,  University  of  Iowa.  For  adenovirus  infections,  MEFs  were  washed 
with  phosphate-buffered  saline  (PBS),  trypsinized,  and  counted;  7.5  X 
105  cells  were  plated  in  the  presence  of  LacZ-  or  Cre-encoding  adenovirus 
for  6  h.  Cells  were  split  upon  reaching  confluence  and  then  harvested  for 
analysis  at  9  to  10  days  postinfection. 

RNAi.  pLKO.l-puro  constructs  obtained  from  the  Genome  Center  at 
Washington  University  were  used  for  RNA  interference  (RNAi)  against 
Tscl.  Sequences  for  the  short  hairpin  RNAs  are  5'-GCCTCGTATGAAG 
ATGGCTAT-3'  for  Tscl  (here  named  siTSC1.2),  5'-GCCAGTGTTTAT 
GCCCTCTTT-3'  also  for  Tscl  (here  named  siTSC1.4),  5'-GCGGTTGCC 
AAGAGGTTCCAT-3'  for  the  luciferase  control,  and  5'-CCTAAGGTTA 
AGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGG-3 '  for 
the  scrambled  control.  pLKO-GFP-shARF  has  been  previously  described 
( 1 ) ;  for  the  present  studies,  the  GFP  marker  was  replaced  by  a  puromycin 
resistance  cassette  subcloned  into  the  BamHI  and  Kpnl  sites  of  pLKO. 
Lentiviruses  were  packaged,  and  MEFs  were  infected  as  described  above. 


For  RNAi  against  Raptor  and  Rictor ,  short  hairpin  RNA  oligonucleotides 
were  purchased  from  Qiagen  (Valencia,  CA)  and  were  transduced  using 
the  Nucleofector  system  (Amaxa,  Walkersville,  MD)  according  to  the 
manufacturer’s  instructions.  Sequences  for  the  short  hairpin  RNAs  rec¬ 
ognizing  Raptor  and  Rictor ,  respectively,  are  5'-CCGGGTCATGACTTA 
CCGAGA-3'  and  5 '  -CAGAAAGATGATTACTGTGAA-3 ' . 

Western  blotting.  Harvested  cells  were  resuspended  and  sonicated  in 
radioimmunoprecipitation  assay  (RIPA)  lysis  buffer  (50  mM  Tris-HCl, 
pH  7.4,  150  mM  NaCl,  1%  Triton  X-100,  0.1%  SDS,  0.5%  deoxycholic 
acid)  containing  protease  and  phosphatase  inhibitors  (1  mM  phenyl- 
methylsulfonyl  fluoride  [PMSF] ,  0.4  U/ml  aprotinin,  10  /xg/ml  leupeptin, 
10  /xg/ml  pepstatin,  1  mM  /3-glycerophosphate,  0.1  mM  NaF,  0.1  mM 
NaV04).  Proteins  (30  to  80  /xg)  were  separated  on  12.5%  sodium  dodecyl 
sulfate  (SDS) -containing  polyacrylamide  gels.  Separated  proteins  were 
transferred  onto  polyvinylidene  difluoride  (PVDF)  membranes  (Milli- 
pore,  Boston,  MA).  Membranes  were  probed  with  the  following  antibod¬ 
ies:  rabbit  anti-Rictor  (A300-459),  rabbit  anti-TSCl  (A300-316),  and 
rabbit  anti-glyceraldehyde-3-phosphate  dehydrogenase  (anti-GAPDHj 
A300-641)  (all  from  Bethyl  Laboratories;  Montgomery,  TX);  rat  anti- ARF 
(ab26696;  Abeam,  Cambridge,  MA);  mouse  anti-MDM2  (opll5;  Calbi- 
ochem/EMD  Chemicals,  Gibbstown,  NJ);  mouse  antiactin  (sc8432), 
mouse  anti-p21  (sc6246),  rabbit  antinucleophosmin  (anti-NPM;  sc6013), 
mouse  anti- 7- tubulin  (scl7787),  and  rabbit  anti-Ras  (sc520)  (all  from 
Santa  Cruz  Biotechnology,  Santa  Cruz,  CA);  rabbit  anti-p53  (2524),  rab¬ 
bit  anti-phospho-extracellular  signal-regulated  kinase  1  and  2  (anti-phos- 
pho-ERKl/2),  Thr  202/Tyr  204  (4377),  rabbit  anti-ERKl/2  (9102),  rabbit 
anti-phospho-S6,  Ser  240/244  (2215),  mouse  anti-S6  (2317),  rabbit  anti- 
Raptor  (4978),  rabbit  anti-phospho-4EBPl,  Thr37/46  (2855),  rabbit  anti- 
YEBP1  (9452),  and  rabbit  anti-p70  S6K1  (9202)  (all  from  Cell  Signaling 
Technologies,  Danvers,  MA).  Secondary  horseradish  peroxidase- 
conjugated  anti-rabbit,  anti-rat,  or  anti-mouse  antibodies  (Jackson  Im- 
munoResearch,  West  Grove,  PA)  were  added,  and  Amersham  ECL  Plus 
(GE  Healthcare,  Piscataway,  NJ)  was  used  to  visualize  the  bands. 

Quantitative  RT-PCR  and  endpoint  PCR.  Total  RNA  was  extracted 
from  cells  with  a  Nucleospin  RNAII  system  (Clontech,  Mountain  View, 
CA)  according  to  the  manufacturer’s  instructions.  Reverse  transcription 
(RT)  reactions  were  performed  using  a  Superscript  III  first-strand  syn¬ 
thesis  system  (Invitrogen,  Carlsbad,  CA)  with  an  oligo(dT)  primer.  Real¬ 
time  PCR  was  performed  on  an  iCycler  apparatus  (Bio-Rad,  Hercules, 
CA)  using  iQ  Sybr  Green  Supermix  (Bio-Rad,  Hercules,  CA).  Fold  change 
was  calculated  using  the  AA CT  (where  Cris  threshold  cycle)  method  (28). 
To  measure  Ar/mRNA,  the  following  primers  were  used:  forward,  5'-GA 
GTACAGCAGCGGGAGCAT-3 ' ;  reverse,  5 '  -  AT  CAT  CAT  C  ACCT  GGT  C 
CAGGATTCC-3'.  To  measure  Gapdh  mRNA,  the  following  primers  were 
used:  forward,  5'-GCTGGGGCTCACCTGAAGGG-3';  reverse:  5'-GGA 
T  G ACCTT  GCCCAC AGCC-  3 ' . 

To  assess  the  presence  of  Dmpl  mRNA  in  MEF  samples,  total  RNA  was 
isolated,  first-strand  synthesis  was  used  to  generate  cDNA  with  an  oli- 
go(dT)  primer,  and  endpoint  PCR  analysis  was  performed.  Primers  used 
for  detecting  Dmpl  were  the  following:  forward,  5'-CTGTAGCTGAAAG 
AGTGGGTA-3';  reverse,  5 ' -TGTATTATCTTCCAAGCGGGC-3 '  (19). 
PCRs  were  separated  on  an  agarose  gel  and  stained  with  ethidium  bro¬ 
mide. 

RNA  and  protein  stability.  Infected  MEFs  were  treated  with  either  4 
/xg/ml  actinomycin  D  (Sigma,  St.  Louis,  MO)  to  assess  mRNA  stability  or 
25  /xg/ml  cycloheximide  (Sigma,  St.  Louis,  MO)  to  assess  protein  stability. 
Cells  were  harvested  over  a  time  course  of  0,  2,  4,  6,  or  8  h  posttreatment 
and  subjected,  respectively,  to  RNA  isolation,  cDNA  synthesis  reaction, 
and  quantitative  reverse  transcription-PCR  (qRT-PCR)  analysis  or  to 
Western  blot  analysis. 

Immunoprecipitation.  Infected  MEFs  were  freshly  harvested,  and 
cells  were  resuspended  and  sonicated  in  EBC  lysis  buffer  (50  mM  Tris- 
HCl,  pH  7.4,  120  mM  NaCl,  0.5%  NP-40, 1  mM  EDTA).  Then,  300  /xg  of 
protein  lysate  was  immunoprecipitated  overnight  with  a  rabbit  anti- ARF 
polyclonal  antibody  or  normal  rabbit  IgG  (sc2027;  Santa  Cruz  Biotech- 
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nology,  Santa  Cruz,  CA).  Immune  complexes  recovered  by  protein 
A-Sepharose  (GE  Healthcare,  Piscataway,  NJ)  were  washed  three  times 
with  EBC  buffer  and  were  denatured.  Proteins  were  separated  on  12.5% 
sodium  dodecyl  sulfate  (SDS) -containing  polyacrylamide  gels  and  were 
transferred  onto  PVDF  membranes  (Millipore,  Boston,  MA)  and  sub¬ 
jected  to  direct  immunoblotting  as  indicated. 

Indirect  IF  and  BrdU  incorporation.  Infected  MEFs  were  plated  onto 
coverslips.  Cells  were  washed  with  PBS  and  fixed  at  room  temperature 
using  10%  formalin-1 0%  methanol,  followed  by  incubation  with  1% 
NP-40  at  room  temperature  for  5  min.  Cells  were  stained  with  antibodies 
recognizing  ARF  (ab26696;  Abeam,  Cambridge,  MA)  or  MDM2  (opll5; 
Calbiochem/EMD  Chemicals,  Gibbstown,  NJ,  followed  by  the  corre¬ 
sponding  secondary  antibodies  conjugated  with  Alexa  Fluor  488  or  Alexa 
Fluor  594  (Invitrogen,  Carlsbad,  CA),  respectively.  Cells  were  then  coun- 
terstained  for  nuclei  with  SlowFade  Gold  Antifade  mounting  reagent  with 
4',6-diamidino-2-phenylindole  (DAPI;  Invitrogen,  Carlsbad,  CA).  Fluo¬ 
rescence  signals  were  detected  using  a  Nikon  epifluorescent  compound 
microscope  fitted  with  a  Nikon  FDX-35  charge-coupled-device  camera. 
For  measurement  of  DNA  replication,  5-bromodeoxyuridine  (BrdU) 
(Sigma,  St.  Fouis,  MO)  was  added  to  the  culturing  medium  for  2, 18  or  24 
h,  as  indicated  in  the  figure  legends,  at  a  final  concentration  of  10  /xM. 
Cells  were  then  treated  for  immunofluorescence  (IF)  analysis  as  noted 
above  and  additionally  incubated  with  1 .5  N  HC1  at  room  temperature  for 
10  min.  A  mouse  monoclonal  antibody  recognizing  BrdU  (Amer- 
sham/GE  Healthcare,  Piscataway,  NJ)  was  used. 

Cell  proliferation  assay,  focus  formation,  and  soft-agar  formation. 
For  cell  proliferation  assays,  equal  numbers  of  cells  (5  X  104  Dmpl~/~ 
MEFs;  1  X  105  Tsclfl°x/fl°x  or  Tsclfl°x/fl°x;  Arf~/_  MEFs)  were  replated  in 
triplicate.  Every  24  h  thereafter,  cells  were  harvested  and  counted  using  a 
hemacytometer.  For  focus  formation,  5  X  103  infected  cells  were  plated  in 
triplicate  onto  10-cm2  dishes.  Cells  were  grown  for  14  days  in  complete 
medium  and  then  were  fixed  with  100%  methanol  and  stained  for  30  min 
with  50%  Giemsa.  For  soft-agar  colony  formation,  1  X  103  infected  cells 
were  seeded  in  triplicate  on  60-mm  dishes  and  allowed  to  grow  for  21  days 
in  complete  medium  supplemented  with  fetal  bovine  serum  and  Noble 
agar. 

Apoptosis  analysis.  Infected  MEFs  were  stained  with  fluorescein  iso- 
thiocyanate  (FITC)-annexin  V  and  propidium  iodide  using  a  Dead  Cell 
Apoptosis  Kit  (VI 3242;  Molecular  Probes/Invitrogen,  Carlsbad,  CA)  ac¬ 
cording  to  the  manufacturer’s  specifications.  Cells  were  analyzed  by  flow 
cytometry  using  a  Becton  Dickinson  FACSCalibur  cell  sorter  with  CEFF- 
Quest  Pro  (version  5.2)  analytical  software. 

Ribosome  fractionation,  RNA  isolation,  and  qRT-PCR.  Cells  were 
treated  with  cycloheximide  (10  /xg/ml)  for  5  min  before  being  harvested. 
Equal  numbers  of  cells  (3  X  106)  were  lysed,  and  cytosolic  extracts  were 
subjected  to  ribosome  fractionation  as  previously  described  (33, 46)  using 
a  density  gradient  system  (Teledyne  ISCO,  Fincoln,  NE).  RNA  was  iso¬ 
lated  from  monosome,  disome,  and  polysome  fractions  using  RNAsolv 
(Omega  Bio-Tek,  Norcross,  GA)  according  to  the  manufacturer’s  speci¬ 
fications.  Reverse  transcription  reactions  were  performed  using  a  Super- 
Script  III  first-strand  synthesis  system  (Invitrogen,  Carlsbad,  CA)  with  an 
oligo(dT)  primer.  Real-time  PCR  was  performed  on  an  iCycler  apparatus 
(Bio-Rad,  Hercules,  CA)  using  SsoFast  EvaGreen  Supermix  (Bio-Rad, 
Hercules,  CA)  to  amplify  Arf  or  Gapdh  from  monosome/ disome  and 
polysome  fractions.  Numbers  of  Arf  or  Gapdh  transcripts  per  fraction 
were  calculated  from  a  standard  curve  generated  from  serial  dilutions  of  a 
known  quantity  of  subcloned  Arf  or  Gapdh  cDNA.  Arf  or  Gapdh  mRNA 
distribution  per  fraction  was  calculated  as  a  percentage  of  the  total  num¬ 
ber  of  transcripts  in  all  collected  fractions.  For  the  ribosome  profiling 
analysis  shown  in  Fig.  6,  cells  were  treated  with  puromycin  (Sigma,  St. 
Fouis,  MO)  at  a  final  concentration  of  1  mM  for  3  h. 

Tumorigenic  assay.  Infected  MEFs  were  trypsinized  and  counted.  A 
total  of  2  X  106  cells  were  resuspended  in  PBS  and  injected  subcutane¬ 
ously  into  the  left  flank  of  athymic  nude  Foxnlnu/Foxnlnu  mice.  A  sample 
size  of  five  mice  per  condition  was  used.  Tumor  growth  was  monitored 


every  day  by  palpation  at  the  injection  site,  and  the  diameter  of  the  tumors 
was  measured  in  two  different  planes  using  a  digital  caliper.  Tumor  vol¬ 
ume  was  calculated  with  the  following  formula:  (height2  X  length)/2, 
where  height  represents  the  smaller  of  the  two  measurements. 

Densitometry,  image,  and  statistical  analysis.  Autofluorograms  and 
immunoblot  films  were  scanned  using  an  ImageScannerlll  apparatus  (GE 
Healthcare,  Piscataway,  NJ),  and  densities  were  determined  using  Im- 
ageQuant,  version  2005  (GE  Healthcare,  Piscataway,  NJ).  Statistical  anal¬ 
yses  were  performed  using  a  Student’s  t  test. 

RESULTS 

ARF  is  responsive  to  RasV12  and  is  functional  in  the  absence  of 
Dmpl.  Previous  reports  have  demonstrated  that  ARF  responds  to 
the  RasV12  oncoprotein  through  a  mechanism  mediated  by  the 
Dmpl  transcription  factor  (17, 18, 44).  However,  it  was  also  noted 
that  ARF’s  induction  from  RasV12  is  compromised,  but  not  com¬ 
pletely  lost,  in  the  absence  of  Dmpl  (16,  18).  We  sought  to  further 
understand  the  putative  regulation  and  function  of  ARF  in  the 
absence  of  cooperating  transcriptional  signals.  Dmpl~/~  MEFs 
were  infected  with  a  retrovirus  encoding  RasV12  and  harvested  at  5 
days  postinfection  for  gene  expression  analysis;  confirmation  of 
Dmpl -null  status  of  the  MEFs  was  performed  by  PCR  analysis  of 
reverse  transcribed  cDNA  (Fig.  1A).  Consistent  with  prior  find¬ 
ings  (16,  18),  we  observed  that  ARF  protein  is  still  increased  in 
response  to  RasV12  overexpression  in  the  absence  of  Dmpl  (Fig. 
IB).  Strikingly,  Arf  mRNA  levels  were  not  significantly  altered 
from  RasV12  overexpression  in  Dmpl -deficient  cells  (Fig.  1C). 
Collectively,  these  data  indicate  that  transcriptional  activation  of 
Arf  gene  expression  is  not  obligatory  for  inducing  ARF  protein 
levels  in  response  to  RasV12.  These  observations  also  indicate  that 
the  Ras/Dmpl  pathway  is  not  the  only  mechanism  by  which  ARF 
can  sense  the  oncogenic  cues  of  RasV12  signaling. 

Since  ARF  is  sensitive  to  the  oncogenic  stimulus  of  RasV12  in 
Dmpl -null  cells,  we  hypothesized  that  basal  ARF  could  still  exert 
its  important  antiproliferative  functions  in  these  cells.  To  test  this, 
we  infected  Dmpl~/~  MEFs  with  a  lentivirus  encoding  a  short 
hairpin  targeting  a  scrambled  control  or  Arf  exon  1(5  (siScramble 
and  siARF,  respectively)  (1),  the  ARF-specific  exon  of  the 
CDKN2A  locus.  As  shown  by  Western  blot  analysis,  ARF  protein 
levels  were  dramatically  reduced  (—90%)  compared  to  those  of 
the  scrambled  control  (Fig.  2A).  To  determine  the  effect  of  acute 
knockdown  of  ARF  on  cellular  proliferation,  equal  numbers  of 
Dmpl  MEFs  expressing  the  short  hairpin  against  Arf  or  scram¬ 
bled  control  were  seeded  in  triplicate,  and  total  numbers  of  cells 
were  counted  over  5  days.  Acute  knockdown  of  ARF  significantly 
increased  the  rate  of  proliferation  of  Dmpl~/~  MEFs  (Fig.  2B). 
Additionally,  5-bromodeoxyuridine  (BrdU)  incorporation  was 
also  monitored  to  measure  the  extent  of  cells  entering  S  phase  (Fig. 
2C  and  D).  Acute  knockdown  of  ARF  caused  a  significant  increase 
in  the  percentage  of  cells  undergoing  DNA  replication;  this  was 
observed  with  both  a  short  (2  h)  and  a  longer  ( 18  h)  pulse  of  BrdU 
(Fig.  2D  and  C,  respectively).  Acute  knockdown  of  ARF  did  not 
dramatically  alter  the  amount  of  cells  undergoing  apoptosis  (4.6% 
for  Dmpl  ~f~  MEFs  infected  with  siScramble-encoding  virus  and 
3%  for  siARF -encoding  virus)  (Fig.  2E). 

Ras/TSC/mTORCl  pathway  can  regulate  ARF.  Our  data  in¬ 
dicate  that  ARF  is  induced  in  response  to  oncogenic  RasV12  inde¬ 
pendently  of  Dmpl  transcriptional  activity.  We  hypothesized  that 
the  mTORCl  signal  transduction  pathway  could  potentially  reg¬ 
ulate  ARF  expression.  This  critical  cell  growth  regulatory  pathway 
coordinates  ribosome  biogenesis  and  mRNA  translation.  Regula- 
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FIG  1  In  the  absence  of  Dmpl ,  RasV12  induces  ARF  protein,  but  not  ARF  mRNA.  (A)  First-strand  cDNA  was  synthesized  from  total  RNA  isolated  from  wild-type 
(WT)  or  Dmpl  MEFs,  and  endpoint  PCR  analysis  was  performed  using  primers  specific  for  Dmpl  or  Gapdh.  PCRs  were  separated  on  an  agarose  gel  and 
stained  with  ethidium  bromide.  (B  and  C)  Dmpl~'~  MEFs  were  transduced  with  retroviruses  encoding  an  empty  vector  control  (EV)  or  RasV12  and  were 
harvested  at  5  days  postinfection  for  gene  expression  analysis.  (B)  Infected  cells  were  lysed,  and  separated  proteins  were  immunoblotted  for  the  indicated 
proteins.  Expression  fold  change  over  empty  vector  is  indicated  (B).  First-strand  cDNA  was  synthesized  from  isolated  total  RNA,  and  quantitative  RT-PCR 
analysis  was  performed.  Arf  mRNA  levels  were  normalized  to  Gadph  mRNA  levels.  Fold  change  was  calculated  using  the  AACr  method.  Data  are  the  mean  ± 
standard  deviation  of  five  independent  experiments,  and  P  values  were  calculated  using  the  Student  t  test  (C).  (P),  phosphorylated. 


tion  by  this  pathway  is  often  associated  with  translational  control 
of  target  genes  whose  protein  levels,  but  not  mRNA  levels,  are 
modulated  in  particular  cellular  contexts  (10,  24,  43).  To  begin 
evaluating  this  pathway,  wild-type  and  Dmpl~/~  MEFs  were 
transduced  with  a  retrovirus  encoding  RasV12  and  subsequently 
treated  with  rapamycin,  the  pharmacological  inhibitor  of 
mTORCl  signaling,  for  24  h  prior  to  harvesting  (Fig.  3A  and  B). 
Repressed  levels  of  phospho-S6Kl  (Thr  389)  and  phospho-S6  (Ser 
240/244)  revealed  that  mTORCl  signaling  was  disrupted  by  rapa¬ 
mycin  exposure  (Fig.  3A  and  B).  For  strains  of  both  genotypes,  the 
induced  levels  of  ARF  protein  expression  were  sensitive  to  rapa¬ 
mycin  treatment  (Fig.  3A  and  B),  suggesting  that  mTORCl  sig¬ 
naling  is  essential  for  ARF’s  induction  from  Ras. 

We  next  wanted  to  interrogate  the  involvement  of  the  Ras/ 
mTORCl  pathway  in  regulating  ARF  protein  levels  using  genetic 
manipulations.  Tuberous  sclerosis  complex  1  (TSC1)  is  an  up¬ 
stream  member  of  the  mTORCl  pathway.  TSC1  forms  a  complex 
with  TSC2  that  negatively  regulates  mTORCl  signal  transduction 
(48).  We  hypothesized  that  activation  of  the  mTORCl  pathway  by 
acute  knockdown  of  TSC1  would  induce  ARF  protein  levels.  To 
test  this,  wild-type  MEFs  were  infected  with  lentiviruses  encoding 
small  interfering  RNAs  (siRNAs)  recognizing  Tscl.  Two  hairpins 
were  used  to  reduce  TSC1  expression  (Fig.  3C).  ARF  protein  levels 
were  upregulated  from  transient  knockdown  of  TSC1  in  a  dose- 
dependent  manner  (Fig.  3 C).  Additionally,  Tsclfl°x/fl°x  MEFs  were 
infected  with  adenoviruses  encoding  Cre  recombinase  or  a 
/3-galactosidase  (LacZ)  control.  Enhanced  levels  of  phospho-S6Kl 
(Thr  389)  and  phospho-S6  (Ser  240/244)  demonstrated  that  hy¬ 
peractivation  of  mTORCl  signaling  occurred  from  loss  of  Tscl 
(Fig.  3D).  Genetic  ablation  of  Tscl  also  caused  an  increase  in  ARF 
protein  levels  (Fig.  3D),  corroborating  the  results  observed  from 
using  RNAi  against  Tscl.  Moreover,  we  infected  wild-type  MEFs 
with  Ad- LacZ  or  Ad- Cre  to  ensure  that  this  finding  was  not  a 
nonspecific  effect  of  Cre  recombinase  or  the  adenoviral  infection 
protocol  (Fig.  3E).  Additionally,  Tscl+/flox  and  Tsclfl°x/fl°x  MEFs 
were  infected  with  Ad- Cre  or  Ad- LacZ  to  evaluate  a  dose- 
dependent  loss  of  Tscl  on  ARF  protein  levels  (Fig.  3F).  Loss  of  one 


copy  of  Tscl  was  sufficient  to  induce  ARF  protein  expression, 
while  loss  of  both  copies  of  Tscl  induced  ARF  protein  expression 
to  a  greater  extent  (Fig.  3F). 

To  investigate  whether  the  ARF  induction  observed  from  the 
loss  of  Tscl  is  dependent  on  TSC/mTORCl  signaling,  we  infected 
Tsclfl°x/fl°x  MEFs  with  Ad-Cre  or  the  Ad-LacZ  control  and  then 
treated  them  with  rapamycin  for  24  h  prior  to  harvesting.  Dimin¬ 
ished  levels  of  phospho-S6Kl  (Thr  389)  and  phospho-S6  (Ser  240/ 
244)  demonstrated  that  rapamycin  successfully  blocked  mTORCl 
signaling  (Fig.  3G).  As  seen  before  with  infection  with  a  retrovirus 
encoding  RasV12  (Fig.  3 A  and  B),  ARF  protein  levels  induced  from 
the  loss  of  Tscl  were  sensitive  to  rapamycin  treatment  (Fig.  3G). 

To  confirm  the  contributions  of  mTORCl  signaling  following 
Tscl  deletion  to  regulation  of  ARF,  RNA  interference  was  used  to 
acutely  knockdown  Raptor  or  Rictor  (Fig.  3H  and  I) .  Acute  knock¬ 
down  of  Raptor ,  but  not  Rictor ,  abrogated  the  induction  of  ARF 
expression  from  the  ablation  of  Tscl  (Fig.  3H  and  I).  These  data 
provide  further  support  that  mTORCl,  but  not  mTORC2,  is  nec¬ 
essary  for  mediating  the  induction  of  ARF  from  the  loss  of  Tscl . 
Taken  together,  these  data  demonstrate  that  hyperactivation  of 
Ras/TSC/mTORCl  pathway  can  regulate  ARF  protein  levels. 

ARF  induction  from  mTORCl  hyperactivation  uses  a  novel 
translational  mechanism.  Given  that  mTORCl  signal  transduc¬ 
tion  plays  a  crucial  role  in  the  translational  regulation  of  specific 
mRNA  transcripts,  we  hypothesized  that  this  might  be  an  under¬ 
lying  mechanism  responsible  for  inducing  ARF  protein  levels.  To 
test  this,  we  assessed  different  aspects  of  Ar/gene  expression  in  the 
face  of  mTORCl  hyperactivation.  For  each  of  these  experiments, 
j'sciflox/flox  MEFs  were  infected  with  Ad-Cre  or  Ad-LacZ  as  before. 
Despite  the  increases  in  ARF  protein  expression,  no  significant 
changes  were  observed  in  Arf  mRNA  levels  following  Tscl  loss 
(Fig.  4A).  Next,  we  evaluated  Arf  mRNA  stability  and  observed  a 
rate  of  Arf  mRNA  decay  that  was  nearly  identical  in  Ad-LacZ-  and 
Ad-Cre-infected  Tsclfl°x/^ox  cells  (Fig.  4B).  Moreover,  the  rate  of 
ARF  protein  decay  was  faster  in  Ad-Cre-infected  Tsclfl°x/fl°x  MEFs 
than  in  Ad-LacZ-infected  cells  (Fig.  4C  and  D),  suggesting  that  a 
higher  rate  of  ARF  protein  must  be  synthesized  in  order  to  in- 
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FIG  2  ARF  remains  functional  in  the  absence  of  Dmpl.  Dmpl~'~  MEFs  were  infected  with  lentiviruses  encoding  a  short  hairpin  against  Arf  (siARF)  or  the 
siScramble  control  (siScr).  (A)  Infected  cells  were  lysed,  and  separated  proteins  were  immunoblotted  for  the  indicated  proteins.  Expression  fold  change  over  the 
siScramble  control  is  indicated.  (B)  A  total  of  5  X  104  cells  were  seeded  in  triplicate  for  each  indicated  time  point.  Cells  were  trypsinized  and  counted  with  a 
hemacytometer  each  day  for  5  days  thereafter.  (C  and  D)  Infected  cells  were  seeded  on  coverslips  and  were  pulsed  with  BrdU  for  18  or  2  h,  as  indicated.  Indirect 
immunofluorescence  analysis  was  used  to  score  BrdU  incorporation.  Representative  data  are  depicted  as  the  mean  ±  standard  deviation  of  50  nuclei  counted  in 
triplicate,  and  P  values  were  calculated  using  the  Student  t  test.  (E)  Infected  cells  were  harvested  and  stained  with  FITC-annexin  V  and  propidium  iodide  and 
subjected  to  flow  cytometry  analysis.  Representative  data  are  expressed  as  the  mean  ±  standard  deviation  of  10,000  events  performed  in  triplicate,  and  P  values 
were  calculated  using  the  Student  t  test. 


crease  steady- state  levels  in  the  cell.  We  also  assessed  the  rate  of 
protein  decay  of  ectopic  HA- ARF  expressed  in  Ad-Cre-infected 
T sdflox/flox;  Arf~/~  MEFs  (Fig.  4E  and  F)  and  noted  a  similarly 
accelerated  half-life  for  HA- ARF  (~4  h).  This  observation  sup¬ 
ports  the  notion  that  ARF  protein  is  being  degraded  at  a  high  rate 
in  the  absence  of  Tscl  compared  to  ARF’s  normally  observed  half- 
life  of  ~6  h  (25). 

To  further  test  the  hypothesis  that  translational  regulation 
could  be  the  molecular  mechanism  responsible  for  eliciting  ARF’s 
induction  from  mTORCl  hyperactivation,  we  assessed  the  asso¬ 
ciation  of  Arf  mRNA  with  actively  translating  polyribosomes.  To 
accomplish  this  task,  cytosolic  ribosomes  were  isolated  by  sucrose 
gradient  centrifugation  from  equal  numbers  of  Dmpl~/~  MEFs 
infected  with  a  retrovirus  encoding  either  RasV12  or  an  empty 
vector  control  (Fig.  5 A  and  B).  Ribosomal  subunits  were  detected 
by  measuring  RNA  absorbance  at  254  nm  by  continuous  UV 
monitoring  (Fig.  5B).  To  assess  the  distribution  of  Arf  mRNA 
transcripts  in  individual  fractions  comprising  isolated  mono- 
somes,  disomes,  or  polysomes,  total  RNA  was  isolated  from  each 


sucrose  gradient  fraction,  and  Arf  mRNA  levels  were  determined 
with  qRT-PCR.  Strikingly,  Arf  mRNA  transcripts  associated  with 
different  polyribosome  fractions  in  Dmpl -null  cells  infected  with 
retroviruses  encoding  RasV12  and  empty  vector  (Fig.  5C).  In 
Dmpl~/~  MEFs  infected  with  a  Rasvl2-encoding  retrovirus,  Arf 
mRNA  was  pooled  to  a  heavier  polyribosome  fraction,  indicating 
that  there  is  a  greater  extent  of  Arf  mRNAs  being  actively  trans¬ 
lated  by  multiple  ribosomes  (more  ribosomes  associated  per 
mRNA)  in  these  cells  (Fig.  5C).  These  data  support  the  hypothesis 
that  ARF  is  translationally  regulated  in  the  presence  of  oncogenic 
RasV12  signals. 

To  address  the  possibility  that  general  gains  in  global  protein 
translation  could  account  for  the  increased  translation  of  Arf 
mRNA  transcripts,  we  evaluated  the  distribution  of  Gapdh  mRNA 
in  sucrose  gradient  fractions  in  Dmpl  ~f~  MEFs  infected  with  a 
retrovirus  encoding  either  RasV12  or  an  empty  vector  control  (Fig. 
5D).  No  dramatic  differences  in  the  distribution  of  Gapdh  mRNA 
transcripts  were  observed  across  isolated  monosomes  or  polyribo¬ 
somes,  in  contrast  to  the  distribution  observed  for  Arf  mRNA  (Fig. 
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FIG  3  Ras/TSC/mTORCl  pathway  can  regulate  ARF.  Infected  cells  were  lysed,  and  separated  proteins  were  immunoblotted  for  the  indicated  proteins. 
Expression  fold  change  over  empty  vector  (EV),  siScramble,  or  LacZ  control  is  indicated.  (A  and  B)  WT  or  Dmpl~'~  MEFs  were  infected  with  retroviruses 
encoding  an  empty  vector  control  or  RasV12  and  were  harvested  at  5  days  postinfection.  Rasvl2-infected  cells  were  treated  with  100  nM  rapamycin  (R)  or  vehicle 
(V)  for  24  h  prior  to  harvesting.  (C)  Wild-type  MEFs  were  infected  with  lentiviruses  encoding  short  hairpins  against  Tscl  or  the  siScramble  control  and  were 
harvested  at  7  days  postinfection.  (D  to  F)  Tsclfl°x/fl°x ,  WT,  or  Tscl  +/A°X  MEFs  (as  indicated)  were  infected  with  adenoviruses  encoding  /3-galactosidase  (LacZ)  or 
Cre  recombinase  and  were  harvested  at  9  days  postinfection.  (G  to  I)  Tsclfl°x/fl°x  MEFs  were  infected  with  adenoviruses  encoding  /3-galactosidase  (LacZ)  or  Cre 
recombinase  and  harvested  at  9  days  postinfection.  (G)  Ad-Cre-infected  cells  were  treated  with  100  nM  rapamycin  (R)  or  vehicle  (V)  control  for  24  h  prior  to 
harvesting.  (H  and  I)  Ad-Cre-infected  cells  were  then  transduced  with  viruses  encoding  short  hairpins  recognizing  Raptor  (siRaptor)  or  Rictor  (siRictor)  or  a 
luciferase  control  (siLUC)  at  5  days  postinfection  and  then  harvested  at  9  days  postinfection  for  Western  blot  analysis.  P,  phosphorylated. 


5C).  This  suggests  that  the  gain  in  Arf  mRNA  association  with 
actively  translating  polyribosomes  is  a  selective  phenotype  caused 
by  RasV12  oncogenic  signaling  in  the  absence  of  Dmpl. 

To  confirm  that  Arf  mRNA  transcripts  are  actually  associating 
with  actively  translating  polyribosomes,  we  assessed  whether  pu- 
romycin  could  release  Arf  mRNA  transcripts  from  the  polyribo¬ 
some  fractions.  Puromycin  treatment  causes  a  block  in  translation 
elongation  and  a  premature  release  of  the  nascent  polypeptide 
chain  from  actively  translating  polyribosomes  (2,  45).  To  accom¬ 


plish  this,  Dmpl  MEFs  were  infected  with  blasticidin-resistant 
retroviral  constructs  encoding  either  GFP  or  RasV12.  Consistent 
with  earlier  findings,  ARF  protein  is  increased  in  response 
to  RasV12  overexpression  in  the  absence  of  Dmpl  (Fig.  6A). 
Dmpl~/~  MEFs  infected  with  a  retrovirus  encoding  GFP  or 
RasV12  were  treated  with  1  mM  puromycin  for  3  h  (45,  49).  Cyto¬ 
solic  ribosomes  were  isolated  by  sucrose  gradient  centrifugation 
from  equal  numbers  of  cells,  and  ribosomal  subunits  were  moni¬ 
tored  as  before  (Fig.  6B).  Dmpl  MEFs  treated  with  puromycin 
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FIG  4  Loss  of  Tscl  does  not  induce  ARF  through  transcription,  mRNA  stability,  or  protein  stability.  (A  to  D)  Tsclfl°x/fl°x  MEFs  were  infected  with  adenoviruses 
encoding  j8-galactosidase  (LacZ)  or  Cre  recombinase  and  were  harvested  at  9  days  postinfection  for  gene  expression  analysis.  First-strand  cDNA  was  synthesized 
from  isolated  total  RNA,  and  quantitative  RT-PCR  analysis  was  performed.  Arf  mRNA  levels  were  normalized  to  Gadph  mRNA  levels  (A).  Fold  change  was 
calculated  using  the  AA CT  method.  Data  are  the  mean  ±  standard  deviation  of  three  independent  experiments,  and  P  values  were  calculated  using  the  Student 
t  test.  (B)  Cells  were  treated  with  4  jug/ml  actinomycin  D  for  the  indicated  time  points.  First-strand  cDNA  was  synthesized  from  isolated  total  RNA,  and 
quantitative  RT-PCR  analysis  was  performed  as  described  for  panel  A.  Data  are  represented  as  percent  remaining  of  Arf  mRNA  normalized  to  Gadph  levels 
relative  to  the  respective  zero  hour  treatment.  (C)  Cells  were  treated  with  25  jug/ml  cycloheximide  (CHX)  and  were  harvested  at  the  indicated  time  points  for 
Western  blot  analysis.  Representative  immunoblots  are  depicted.  Densitometry  quantification  of  immunoblots  from  panel  C  is  depicted  in  panel  D.  Data  are 
represented  as  percent  remaining  of  ARF  protein  levels  normalized  to  tubulin  protein  levels  relative  to  the  respective  0-h  treatment.  (E  and  F)  Tsclfl°x/fl°x  or 
Tsdflox/flox ;  Arf-/-  MEFs  were  infected  with  adenoviruses  encoding  /3-galactosidase  (LacZ)  or  Cre  recombinase  and  retroviruses  encoding  an  empty  vector 
control  or  HA- ARF,  as  indicated.  Cells  were  treated  with  25  jug/ml  cycloheximide  and  were  harvested  at  the  indicated  time  points  for  Western  blot  analysis. 
Representative  immunoblots  are  depicted.  In  panel  F,  densitometry  quantification  of  the  immunoblots  shown  in  panel  E  is  depicted  for  cells  infected  with  a 
retrovirus  encoding  HA- ARF.  Data  are  represented  as  percent  remaining  of  HA- ARF  protein  normalized  to  tubulin  protein  levels  relative  to  the  0-h  treatment. 
f1/2,  half-life. 


and  infected  with  GFP-  and  Rasvl 2 -encoding  retroviruses  showed 
dramatic  increases  in  the  amplitude  of  the  80S  peak,  along  with  the 
complete  disappearance  of  the  polysome  peaks  (Fig.  6B).  Arf 
mRNA  distribution  in  fractions  was  then  determined  (Fig.  6C 
and  D).  Arf  mRNA  distribution  in  puromycin-treated,  GFP- 
expressing  cells  mimicked  the  distribution  of  Arf  mRNA  in  un¬ 
treated  GFP-expressing  cells  (Fig.  6C).  This  surprising  finding 
suggests  that  Arf  mRNA  found  on  the  polysome  peaks  in  these 
GFP-expressing  cells  could  in  fact  be  “pseudo-polysomes”  as  op¬ 


posed  to  actual  polyribosomes  (49).  In  contrast,  puromycin  treat¬ 
ment  released  Arf  mRNA  from  the  polysome  peaks  in  Dmpl  ~,~ 
MEFs  infected  with  Rasvl2-encoding  retrovirus(Fig.  6D),  indi¬ 
cating  that  Arf  mRNA  transcripts  are  indeed  associating  with 
actively  translating  polyribosomes  in  response  to  oncogenic 
RasV12  signaling. 

To  determine  whether  inhibition  of  mTORCl  signaling  could 
similarly  displace  Arf  mRNA  distribution  from  polysome  peaks, 
Dmpl^/~  MEFs  were  transduced  with  a  retrovirus  encoding 
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FIG  5  Ar/mRNA  association  with  actively  translating  polyribosomes  increases  from  RasV12  signaling  in  the  absence  of  Dmpl .  Dmpl  MEFs  were  transduced 
with  retroviruses  encoding  an  empty  vector  control  (EV)  or  RasV12  and  were  harvested  at  5  days  postinfection.  Cytosolic  extracts  from  equal  number  of  cells  (3  X 
106)  treated  for  5  min  with  cycloheximide  (10  jug/ml)  were  separated  on  7  to  47%  sucrose  gradients  with  constant  UV  monitoring  (254  nm).  (A)  Excess  cells  were 
lysed,  and  separated  proteins  were  immunoblotted  for  the  indicated  proteins.  (B)  A  representative  graph  depicts  the  A254  absorbance  of  ribosome  subunits  over 
increasing  sucrose  density.  (C)  Total  RNA  was  isolated  from  each  sucrose  gradient  fraction,  and  first- strand  cDNA  was  synthesized  for  each  fraction. 
Monosome-,  disome-,  and  polysome-associated  Ar/mRNA  levels  were  measured  with  qRT-PCR  and  were  calculated  as  a  percentage  of  total  Ar/mRNA  collected 
in  all  fractions.  Data  are  the  mean  ±  standard  error  of  the  mean  of  three  independent  experiments.  (D)  Monosome-,  disome-,  and  polysome- associated  Gapdh 
mRNA  levels  were  measured  as  described  for  panel  C. 
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FIG  6  Arf  mRNA  association  with  actively  translating  polyribosomes  caused  by  hypergrowth  stimuli  can  be  disrupted  with  puromycin  exposure.  Retroviruses 
were  generated  with  pWZL-GFP-IRES-blast  or  pWZL-Rasvl2-IRES-blast.  Dmpl~'~  MEFs  were  transduced  with  these  retroviruses,  and  infected  cells  were 
analyzed  at  5  days  postinfection.  Cells  were  treated  with  1  mM  puromycin  for  3  h,  and  then  cytosolic  extracts  from  equal  numbers  of  cells  (3  X  106)  treated  for 
5  min  with  cycloheximide  ( 10  jug/ml)  were  separated  on  7  to  47%  sucrose  gradients  with  constant  UV  monitoring  (254  nm).  (A)  Excess  untreated  cells  were  lysed, 
and  separated  proteins  were  immunoblotted  for  the  indicated  proteins.  (B)  A  representative  graph  depicts  the  A254  absorbance  of  ribosome  subunits  over 
increasing  sucrose  density.  (C)  Total  RNA  was  isolated  from  each  sucrose  gradient  fraction,  and  first- strand  cDNA  was  synthesized  for  each  fraction. 
Monosome-,  disome-,  and  polysome-associated  Arf  mRNA  levels  were  measured  with  qRT-PCR  and  were  calculated  as  a  percentage  of  total  Arf  mRNA  collected 
in  all  fractions.  (D)  Monosome-,  disome-,  and  polysome-associated  Arf  mRNA  levels  were  measured  as  described  for  panel  C. 


RasV12  and  subsequently  treated  with  rapamycin  for  24  h  prior  to 
harvesting.  Ribosomal  subunits  were  monitored  as  before  (Fig.  7  A 
and  B).  Although  rapamycin  did  not  completely  displace  Arf 
mRNA  from  translating  polyribosomes,  rapamycin  treatment  did 
shift  Arf  mRNA  away  from  the  heavy  polyribosome  fractions, 


where  it  accumulates  in  response  to  RasV12  (Fig.  7C).  This  finding 
demonstrates  the  sensitivity  of  Arf  mRNA  association  with  trans¬ 
lating  polyribosomes  to  rapamycin  exposure.  To  further  interro¬ 
gate  the  effects  of  mTORCl  signaling  on  the  association  of  Arf 
mRNA  with  actively  translating  polyribosomes,  Tsclfl°x/^ox  MEFs 
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FIG  7  Arf  mRNA  is  partially  displaced  from  actively  translating  polyribosomes  by  rapamycin  exposure.  MEFs  were  transduced  with  retroviruses 

encoding  an  empty  vector  control  (EV)  or  RasV12  and  were  harvested  at  5  days  postinfection.  Cells  infected  with  Rasvl2-encoding  virus  were  treated  with  100  nM 
rapamycin  (R)  or  vehicle  (V)  for  24  h  prior  to  harvesting.  Cytosolic  extracts  from  equal  numbers  of  cells  (3  X  106)  treated  for  5  min  with  cycloheximide  (10 
ju,g/ml)  were  separated  on  7  to  47%  sucrose  gradients  with  constant  UV  monitoring  (254  nm).  (A)  Excess  cells  were  lysed,  and  separated  proteins  were 
immunoblotted  for  the  indicated  proteins.  (B)  A  representative  graph  depicts  the  A254  absorbance  of  ribosome  subunits  over  increasing  sucrose  density.  (C)  Total 
RNA  was  isolated  from  each  sucrose  gradient  fraction,  and  first-strand  cDNA  was  synthesized  for  each  fraction.  Monosome-,  disome-,  and  polysome-associated 
Arf  mRNA  levels  were  measured  with  qRT-PCR  and  were  calculated  as  a  percentage  of  total  Arf  mRNA  collected  in  all  fractions.  Data  are  the  mean  ±  standard 
error  of  the  mean  of  three  independent  experiments.  (P),  phosphorylated. 


were  infected  with  Ad-Cre  or  the  Ad-LacZ  control  and  were  sub¬ 
jected  to  ribosome  profiling  (Fig.  8A  and  B).  We  found  that  more 
Arf  mRNA  pooled  to  heavier  polyribosome  fractions  upon  the  loss 
of  Tscl  (Fig.  8C).  Taken  together,  these  findings  support  the  hy¬ 
pothesis  that  ARF  is  translationally  regulated  in  the  presence  of 
hyperactivated  Ras/TSC/mTORCl  signaling. 

ARF  induction  activates  a  p53  response.  To  determine 


whether  the  ARF  protein  translationally  induced  from  Tscl  loss  is 
functional,  we  assessed  several  aspects  of  ARF  biology.  ARF  binds 
to  and  sequesters  MDM2  in  the  nucleolus,  allowing  p53  protein 
levels  to  accumulate  and  become  active  in  the  nucleoplasm  (53). 
Tsclfl°x/fl°x  MEFs  infected  with  Ad-Cre  or  the  Ad-LacZ  control 
were  analyzed  for  MDM2  and  ARF  colocalization  (Fig.  9 A  and  B). 
In  both  Ad-Cre-  and  Ad-LacZ-infected  cells,  ARF  exhibited  nu- 
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FIG  8  Ar/mRNA  association  with  actively  translating  polyribosomes  increases  from  the  loss  of  Tscl .  Tsclfl°x/fl°x  MEFs  were  infected  with  adenoviruses  encoding 
/3-galactosidase  (LacZ)  or  Cre  recombinase  and  harvested  at  9  days  postinfection.  Cytosolic  extracts  from  equal  numbers  of  cells  (3  X  106)  treated  for  5  min  with 
cycloheximide  (10  pg/ml)  were  separated  on  7  to  47%  sucrose  gradients  with  constant  UV  monitoring  (254  nm).  (A)  Excess  cells  were  lysed,  and  separated 
proteins  were  immunoblotted  for  the  indicated  proteins.  (B)  A  representative  graph  depicts  the  A254  of  ribosome  subunits  over  increasing  sucrose  density.  (C) 
Total  RNA  was  isolated  from  each  sucrose  gradient  fraction,  and  first-strand  cDNA  was  synthesized  for  each  fraction.  Monosome-,  disome-,  and  polysome- 
associated  Ar/mRNA  levels  were  measured  with  qRT-PCR  and  were  calculated  as  a  percentage  of  total  Ar/mRNA  collected  in  all  fractions. 


cleolar  subcellular  localization  (Fig.  9 A  and  B).  Furthermore,  we 
found  that  ARF  and  MDM2  had  increased  colocalization  in  nu¬ 
cleoli  in  Ad-Cre-infected  Tsclfl°x/fl°x  MEFs  compared  to  levels  in 
Ad-LacZ-infected  cells  (Fig.  9 A  and  B).  Next,  ARF-MDM2  com¬ 
plexes  were  immunoprecipitated  from  infected  Tsclfl°x/fl°x  lysates 
with  a  polyclonal  antibody  recognizing  ARF  and  immunoblotted 
for  MDM2  (Fig.  9C).  Induced  ARF  protein  displayed  strong  bind¬ 
ing  to  MDM2  in  Ad-Cre-infected  Tsclfl°x/fl°x  MEFs  (Fig.  9C).  Col¬ 
lectively,  these  data  suggest  that  the  loss  of  Tscl  increases  ARF 
protein  expression  and  its  ability  to  bind  to  and  relocalize  MDM2 
into  the  nucleolus. 


To  examine  whether  this  increase  in  ARF-MDM2  binding  re¬ 
sulted  in  p53  activation,  infected  Tscl^ox/^ox  lysates  were  probed 
for  p53  and  two  of  its  downstream  target  genes,  p21  and  MDM2. 
p53,  MDM2,  and  p21  displayed  2-fold  increases  in  protein  levels 
following  Tscl  loss  (Fig.  9D).  Similarly,  the  induction  ofp53,  p21, 
and  MDM2  was  completely  abrogated  in  Ad-Cre-infected 
Tsciflax/flo^  Arf~/~  MEFs  (Fig.  9D),  implying  that  ARF  is  necessary 
for  facilitating  the  induction  of  p53  and  its  target  genes  in  response 
to  Tscl  loss.  Alternatively,  infected  Tsclfl°x/^ox  MEFs  were  treated 
with  rapamycin  24  h  prior  to  harvesting.  The  induction  of  ARF 
caused  by  the  loss  of  Tscl  was  disrupted  due  to  rapamycin  expo- 
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FIG  9  ARF  induced  from  hypergrowth  stimuli  activates  a  p53  response.  Tsclfl°x/fl°x  MEFs  were  infected  with  adenoviruses  encoding  /3-galactosidase  (LacZ)  or 
Cre  recombinase  and  were  harvested  at  9  days  postinfection  for  analysis.  (A)  Infected  cells  were  seeded  onto  coverslips,  fixed,  and  stained  for  indirect  immu¬ 
nofluorescence  analysis  with  specific  primary  antibodies  for  ARF  and  MDM2  and  for  Alexa  Fluor  594  and  Alexa  Fluor  488,  respectively.  Cells  were  counterstained 
for  nuclei  with  SlowFade  Gold  Antifade  mounting  reagent  with  DAPI.  (B)  Quantification  of  nucleolar  ARF-MDM2  colocalization  is  depicted  from  indirect 
immunofluorescence  analysis  as  described  for  panel  A.  Representative  data  are  expressed  as  the  mean  ±  standard  deviation  of  50  nuclei  counted  in  triplicate,  and 
P  values  were  calculated  using  the  Student  t  test.  (C)  Lysates  from  infected  cells  were  immunoprecipitated  with  a  rabbit  polyclonal  antibody  directed  against  ARF 
or  normal  rabbit  IgG.  Proteins  immune  complexes  were  separated,  transferred  to  PVDF  membranes,  and  immunoblotted  with  the  indicated  antibodies.  (D  and 
E)  Infected  cells  were  lysed,  and  separated  proteins  were  immunoblotted  for  indicated  proteins.  Expression  fold  change  over  the  LacZ  control  is  indicated  (D). 
Ad-Cre-infected  cells  were  treated  with  100  nM  rapamycin  (R)  or  vehicle  (V)  control  for  24  h  prior  to  harvesting  (E). 


sure  (Fig.  9E),  and,  consequently,  the  induction  of  p53,  p21,  and 
MDM2  was  similarly  abrogated  in  the  absence  of  ARF  induction 
(Fig.  9E). 

ARF/p53  response  causes  cell  cycle  arrest.  Given  that  hyper¬ 
activation  of  mTORCl  signaling  increases  ARF  protein  expres¬ 
sion  and  that  ARF  induces  p53  and  its  downstream  targets,  we 
hypothesized  that  ARF  was  responsible  for  eliciting  a  cell  cycle 
arrest  in  response  to  mTORCl  hyperactivation.  To  test  this,  cell 
proliferation  was  monitored  each  day  for  6  days.  The  rate  of  pro¬ 
liferation  of  Ad-Cre-infected  Tsclfl°x/fl°x  MEFs  was  markedly  re¬ 
duced  compared  to  that  of  Ad-LacZ-infected  cells  (Fig.  10A  and 
B),  consistent  with  the  ARF-dependent  activation  of  p53  (Fig.  9). 
However,  this  proliferation  defect  was  absent  upon  Tscl  loss  in 
cells  also  lacking  Ar/(Fig.  10B).  Of  note,  changes  in  cell  death  (Fig. 

IOC)  do  not  account  for  the  decrease  in  total  cell  number  observed 
in  Ad-Cre-infected  Tscl^ox/flox  cells.  Additionally,  BrdU  incorpo¬ 
ration  was  measured  (Fig.  10D).  As  seen  before,  Ad-Cre-infected 
Tsclfl°x/^ox  MEFs  exhibited  a  significant  decrease  in  BrdU  incor¬ 
poration  compared  to  Ad-LacZ-infected  cells  (Fig.  10D).  Notably, 
this  decrease  was  completely  rescued  in  the  absence  of  Arf  (Fig. 

IOD) .  Furthermore,  acute  knockdown  of  TSC1  reduced  BrdU  in¬ 
corporation  in  wild-type  MEFs  (Fig.  10E),  corresponding  with 
their  dose-dependent  induction  of  ARF  protein  (Fig.  3C). 

Since  ARF  serves  to  prevent  proliferation  in  response  to  loss  of 


Tscl ,  we  hypothesized  that  removal  of  ARF  would  permit  cells 
with  hyperactivated  mTOR  to  proliferate  long-term  without  be¬ 
ing  properly  checked.  To  test  this,  Tscl^ox/flox;  Arf~^/~  MEFs  were 
infected  with  Ad- Cre  or  the  Ad- LacZ  control  and  subjected  to 
long-term  focus  formation  analysis  (Fig.  10F  and  G).  Significantly 
more  foci  formed  by  hyperactivating  mTOR  signaling  in  Arf~~/~ 
cells,  and  there  was  an  increase  in  total  focus  area  (Fig.  10H  and  I). 
Taken  together,  this  indicates  that  ARF  keeps  cell  proliferation  in 
check  by  responding  to  heightened  levels  of  mTORCl  signaling  to 
induce  cell  cycle  arrest. 

Translationally  regulated  ARF  represses  transformation  and 
tumorigenesis.  The  observation  that  ARF  induces  a  p53-mediated 
cell  cycle  arrest  in  response  to  hypergrowth  cues  emanating  from 
hyperactivation  of  mTORCl  signal  transduction  led  us  to  test  the 
hypothesis  that  ARF  could  inhibit  transformation  and  tumorigenesis 
in  response  to  these  hypergrowth  cues.  We  infected  MEFs 

or  Arf~/~  MEFs  with  a  retrovirus  encoding  RasV12  or  an  empty  vector 
control  and  assessed  anchorage-independent  growth  in  soft  agar  (Fig. 
11  A).  In  MEFs  infected  with  Rasvl2-encoding  virus,  Dmpl~/~  cells 
formed  significantly  fewer  colonies  in  soft  agar  than  Arf  f  cells  (Fig. 
11B).  To  determine  if  the  induced  levels  of  ARF  in  Dmpl/~  MEFs 
infected  with  Rasvl2-encoding  virus  were  responsible  for  the  inhibi¬ 
tion  of  colony  formation,  infected  Dmpl MEFs  were  also  trans¬ 
duced  with  virus  encoding  an  siRNA  recognizing  ARF  or  a  scrambled 
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FIG  10  ARF/p53  response  induces  a  cell  cycle  arrest.  (A  to  D)  Tsclfl°x/fl°x  or  Tsclfl°x/fl°x ;  Arf~'~  MEFs  were  infected  with  adenoviruses  encoding  j8-galactosidase 
(LacZ)  or  Cre  recombinase  as  indicated.  Infected  cells  were  lysed,  and  separated  proteins  were  immunoblotted  for  indicated  proteins  (A).  A  total  of  1  X  105  cells 
were  seeded  in  triplicate  for  each  indicated  time  point  at  5  days  postinfection.  Cells  were  then  trypsinized  and  counted  with  a  hemacytometer  each  day  for  6  days 
thereafter  (B) .  Infected  cells  were  harvested  and  stained  with  FITC-annexin  V  and  propidium  iodide  and  subjected  to  flow  cytometry  analysis  (C) .  Representative 
data  are  depicted  as  the  mean  ±  standard  deviation  of  10,000  events  performed  in  triplicate.  (D)  Infected  cells  were  seeded  on  coverslips  at  9  days  postinfection. 
On  day  10  postinfection,  cells  were  pulsed  with  BrdU  for  4  h.  Indirect  immunofluorescence  analysis  was  used  to  score  BrdU  incorporation.  Representative  data 
are  expressed  as  the  mean  ±  standard  deviation  of  50  nuclei  counted  in  triplicate,  and  Rvalues  were  calculated  using  the  Student  t  test.  (E)  Wild-type  MEFs  were 
infected  with  lentiviruses  encoding  short  hairpins  against  Tscl  or  the  siScramble  control  and  were  seeded  on  coverslips  at  7  days  postinfection  for  BrdU 
incorporation.  Cells  were  pulsed  with  BrdU  for  18  h,  and  analysis  was  performed  as  described  for  panel  D.  (F  to  I)  Tsclfl°x/fl°x;  Arf~'~  MEFs  were  infected  with 
adenoviruses  encoding  j8-galactosidase  (FacZ  [F] )  or  Cre  recombinase  (C)  as  indicated.  A  total  of  5  X  103  cells  were  seeded  in  triplicate  onto  10-cm2  dishes  for 
focus  formation  analysis.  Infected  cells  were  lysed,  and  separated  proteins  were  immunoblotted  for  the  indicated  proteins  (F).  Cells  were  grown  for  14  days  in 
complete  medium  and  were  fixed  and  stained  with  Giemsa  (G).  Panels  H  and  I  show,  respectively,  the  quantification  of  the  total  number  of  foci  and  total  focus 
area  of  representative  images  from  panel  G.  (P),  phosphorylatd. 


control.  Knockdown  of  ARF  restored  the  ability  of  Dmpl MEFs 
infected  with  Rasvl2-encoding  virus  to  form  colonies  in  soft  agar, 
thereby  phenocopying  the  colony- forming  potential  of  infected 
Arf_/_  MEFs  (Fig.  1  IB).  No  dramatic  changes  in  apoptotic  cell  death 
were  observed,  suggesting  that  changes  in  cell  death  do  not  account 
for  the  differences  observed  in  colony  formation  (Fig.  1 1C). 

To  determine  whether  translationally  regulated  ARF  could 
repress  tumorigenesis  in  an  allograft  model,  we  assessed  tumor 
formation  and  burden  of  Dmpl~/~  or  Arf~/~  MEFs  infected 


with  Rasvl2-encoding  virus  by  subcutaneously  injecting  MEFs 
into  the  flanks  of  nude  mice  (Fig.  11D  and  E);  as  before, 
Dmpl~/~  MEFs  were  also  infected  with  a  virus  encoding  an 
siRNA  recognizing  ARF  or  a  scrambled  control  (siScramble)  in 
order  to  determine  the  specificity  of  ARF’s  involvement  in  pre¬ 
venting  tumorigenesis  (Fig.  1  IE,  inset).  Strikingly,  tumor  onset 
and  growth  were  markedly  reduced  in  mice  injected  with 
Dmpl  MEFs  infected  with  siScramble-encoding  virus  com¬ 
pared  to  Arf-f~  MEFs  (Fig.  11D  and  E).  Furthermore,  acute 
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FIG  1 1  ARF  induced  from  hypergrowth  cues  can  repress  oncogenic  transformation.  Arf~'~  or  Dmpl  MEFs  were  infected  with  lentivirus  encoding  an  empty  vector 
control  or  RasV12.  Dmpl  MEFs  were  also  infected  with  lentiviruses  encoding  short  hairpin  against  Arf  or  the  siScramble  control,  as  indicated.  (A  and  B)  A  total  of 
1  X  103  cells  were  seeded  in  triplicate  in  medium  containing  soft  agar  and  were  assessed  for  colony  formation  21  days  later.  (A)  Infected  cells  were  lysed,  and  separated 
proteins  were  immunoblotted  for  indicated  proteins.  Representative  images  of  colonies  are  also  depicted.  (B)  Quantification  of  the  number  of  colonies.  Representative 
data  are  expressed  as  the  mean  ±  standard  deviation,  and  P  values  were  calculated  using  the  Student  t  test.  (C)  Infected  cells  were  harvested  and  stained  with 
FITC-annexin  V  and  propidium  iodide  and  subjected  to  flow  cytometry  analysis.  Representative  data  are  expressed  as  the  mean  ±  standard  deviation  of  10,000  events 
performed  in  triplicate.  (D  and  E)  A  total  of  2  X  106  cells  infected  with  lentivirus  encoding  RasV12  were  subcutaneously  injected  into  the  left  flank  of  athymic  nude  mice. 
Five  mice  were  injected  per  condition,  such  that  each  mouse  received  one  injection  site.  (D)  Images  of  mice  and  excised  tumors  are  depicted.  (E)  Tumor  diameter  was 
measured  in  two  planes  with  a  digital  caliper  on  successive  days  postinjection.  Tumor  volume  is  expressed  as  the  mean  ±  standard  error  of  the  mean.  Excess  infected  cells 
from  the  day  of  injection  were  lysed,  and  separated  proteins  were  immunoblotted  for  indicated  proteins  (inset). 


knockdown  of  ARF  in  Dmpl~/~  MEFs  restored  the  tumori- 
genic  potential  of  these  cells,  partially  phenocopying  the  tumor 
burden  observed  in  Arf~/~  MEFs  infected  with  RasV12- 
encoding  virus  (Fig.  11D  and  E).  Collectively,  these  data  sup¬ 
port  the  model  that  ARF  acts  as  a  critical  checkpoint  against 
hypergrowth  stimuli  and  that  in  response  to  these  stimuli,  ARF 
can  repress  cellular  transformation  (Fig.  12). 


DISCUSSION 

ARF  is  a  key  tumor  suppressor  responsible  for  safeguarding  the 
cell  against  oncogenic  stimuli.  While  it  has  long  been  appreciated 
that  ARF  can  inhibit  cell  cycle  progression,  both  through  p53- 
dependent  and  p53 -independent  mechanisms,  the  context  of 
stimuli  to  which  ARF  responds  has  predominantly  been  catego¬ 
rized  as  hyperproliferative  cues.  Our  results  now  demonstrate  that 
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FIG  12  Model.  Hypergrowth  stimuli  emanating  from  hyperactivation  of  the 
mTORCI  pathway  induce  an  ARF  checkpoint  through  a  novel  translational 
mechanism.  In  response  to  these  oncogenic  cues,  ARF  can  activate  a  p53- 
mediated  cell  cycle  arrest  that  represses  cellular  transformation. 


ARF  has  a  novel  and  important  role  sensing  unwarranted  hyper¬ 
growth  stimuli,  such  as  those  emanating  from  robust  activation  of 
the  mTORCI  signaling  pathway.  Given  that  cellular  growth  and 
proliferation  are  in  fact  two  distinct  biological  processes,  albeit 
highly  integrated,  we  envision  a  broader  range  of  oncogenic  stim¬ 
uli  to  which  ARF  can  respond  in  its  antitumorigenic  efforts.  Since 
oncogenic  stimuli  provide  the  selective  pressure  for  the  outgrowth 
of  cancer  cells  that  evade  ARF  tumor  suppression  (50),  it  is  im¬ 
portant  to  better  understand  the  array  of  oncogenic  stimuli  that 
are  susceptible  to  ARF  tumor  surveillance. 

In  agreement  with  other  groups,  we  observed  that  ARF  is  still 
capable  of  responding  to  RasV12  without  transcriptional  induction 
of  Arf  mRNAs  by  Dmpl.  We  found  that  the  mTORCI  pathway 
regulates  ARF  protein  levels  through  a  novel  translational  mech¬ 
anism;  Arf  mRNA  showed  enhanced  association  with  actively 
translating  polyribosomes  in  response  to  RasV12  and  Tscl  loss. 
ARF  induced  from  Tscl  loss  facilitated  p53  pathway  activation  and 
cell  cycle  arrest.  Furthermore,  translationally  regulated  ARF  pro¬ 
tein  repressed  anchorage-independent  colony  formation  in  soft 
agar  and  tumor  burden  in  an  allograft  model.  Therefore,  we  pro¬ 
pose  that  the  cell  utilizes  this  ARF  checkpoint  as  a  means  to  keep 
excessive  progrowth  cues  under  scrutiny. 

Of  note,  Tscl~!~  MEFs  have  been  reported  to  display  a  lower 
proliferative  rate  than  Tscl  +/~  or  Tscl +/+  MEFs  (26).  Also,  Zhang 
et  al.  have  shown  that  primary  Tsc2~'~  MEFs  display  early  senes¬ 
cence  in  conjunction  with  a  higher  expression  of  p21  (55).  Our 
data  suggest  that  this  increase  in  p2 1  and  the  resultant  decrease  in 
proliferation  could  be  facilitated  in  part  by  the  translational  ARF 
induction  that  ensues  from  the  activation  of  mTORCI;  we  ob¬ 
served  that  p21  induction  was  abrogated  upon  the  removal  of  Arf 
in  Tscl  cells  and  that  loss  of  Ar/rescued  the  proliferation  defect 
observed  in  cells  lacking  Tscl. 

We  envisage  collaboration  between  the  Ras/TSC/mTORCl 
and  the  Ras/Dmpl  pathways  which  together  coordinate  ARF  in¬ 
duction  from  oncogenic  RasV12  overexpression.  The  involvement 
of  the  mTORCI  pathway  could  explain  why  Rasvl2-mediated 
ARF  induction  is  compromised,  but  not  completely  lost,  in  a 
Dmpl~/~  setting.  Given  the  absolute  necessity  for  cancer  cells  to 
bypass  ARF’s  checkpoint  against  oncogenic  stimuli,  it  is  not  sur¬ 
prising  that  multiple  regulatory  mechanisms  would  allow  ARF  to 
sense  as  many  oncogenic  cues  as  possible. 

Deregulation  of  the  members  of  the  mTOR  pathway  is  impli¬ 


cated  in  the  mechanism  driving  hamartoma- forming  diseases. 
Tuberous  sclerosis  complex  is  characterized  by  the  potential  for 
hamartoma  formation  in  a  wide  spectrum  of  organs  (14).  Foss  or 
reduction  in  function  of  the  TSC1-TSC2  protein  complex  and  the 
resulting  constitutive  mTOR  signaling  are  the  contributing  factors 
for  this  disease  (6).  Our  finding  that  loss  of  Tscl  induces  an  ARF 
response  could  give  some  insight  as  to  why  benign  hamartomas,  as 
opposed  to  more  aggressive  neoplastic  tumors,  arise  in  this  dis¬ 
ease.  It  is  possible  that  the  ARF  growth  checkpoint  could  play  a 
putative  role  in  repressing  the  proliferation  of  hamartoma¬ 
forming  cells,  thereby  inhibiting  their  progression  to  a  more  ag¬ 
gressive  neoplastic  tumor;  these  hypotheses  would  need  to  be  for¬ 
mally  tested.  It  is  of  note  that  analysis  of  pleomorphic 
xanthoastrocytoma  (PXA),  a  rare  astrocytic  tumor  in  the  cerebral 
hemispheres  of  children  and  young  adults,  was  reported  to  have 
homozygous  deletion  of  the  CDKN2A/pl4AT  and  CDKN2B  loci  as 
well  as  reduced  Tscl  mRNA  expression  as  defining  molecular  al¬ 
terations  (54).  This  finding  suggests  that  concomitant  loss  of  Tscl 
and  Arf  can  contribute  to  the  mechanisms  driving  tumorigenesis. 

In  the  current  study,  we  have  described  the  involvement  of  the 
mTORCI  pathway  in  the  regulation  of  the  ARF  tumor  suppressor 
via  a  translational  mechanism.  It  has  been  readily  shown  that 
mTORCI  signaling  can  induce  the  selective  translation  of  specific 
mRNA  targets.  One  such  example  is  the  stimulation  of  p53  trans¬ 
lation  that  occurs  upon  the  loss  of  Tscl  in  response  to  stress  con¬ 
ditions  (27).  It  was  shown  that  mTOR  can  regulate  p53  protein 
synthesis  and  that  hyperactivation  of  the  mTOR  pathway  can  in¬ 
crease  sensitivity  to  DNA  damage  and  energy  starvation.  In  fact, 
other  reports  have  further  elucidated  potential  mechanisms  by 
which  p53  can  be  translationally  regulated  (5,  47).  Additionally, 
mTORCI  signaling  has  been  reported  to  specifically  modulate  the 
translation  of  myeloid  cell  leukemia  sequence  1  (Mcl-1)  (32).  Foss 
of  Tsc2  in  Eju,-Myc  cells  increases  the  translation  of  Mcl- 1,  and  this 
modulation  of  Mcl-1  by  mTORCI  is  relevant  to  the  chemo- 
sensitivity  of  these  tumors.  Also,  mTORCI  signal  transduction 
modulates  the  translation  of  nucleophosmin  through  a  mecha¬ 
nism  mediated  by  FBP1  acting  as  a  regulatory  RNA  binding  pro¬ 
tein  (33,  35).  FFere,  we  show  that  ARF  is  another  translationally 
regulated  gene  product  as  Arf  mRNA  has  enhanced  association 
with  actively  translating  polyribosomes  in  response  to  enhanced 
mTORCI  signal  transduction.  Translational  control  of  ARF,  as 
well  as  of  these  other  translationally  regulated  mRNAs,  can  serve 
as  a  versatile  and  robust  mode  of  regulation  for  essential  cellular 
functions. 

Further  elucidation  of  the  molecular  mechanism  driving  ARF’s 
responsiveness  to  mTORCI  signaling  is  of  great  significance.  The 
implications  include  the  potential  identification  of  novel  down¬ 
stream  players  not  otherwise  thought  of  in  the  context  of  the  ARF/ 
p53  regulatory  network  whose  interrogation  could  potentially 
open  avenues  to  new  cancer  therapeutics. 
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ORIGINAL  ARTICLE 

The  ARF  tumor-suppressor  controls  Drosha  translation  to  prevent 
Ras-driven  transformation 

MJ  Kuchenreuther1,2  and  JD  Weber1,2,3 


ARF  is  a  multifunctional  tumor  suppressor  that  acts  as  both  a  sensor  of  oncogenic  stimuli  and  as  a  key  regulator  of  ribosome 
biogenesis.  Recently,  our  group  established  the  DEAD-box  RNA  helicase  and  microRNA  (miRNA)  microprocessor  accessory  subunit, 
DDX5,  as  a  critical  target  of  basal  ARF  function.  To  identify  other  molecular  targets  of  ARF,  we  focused  on  known  interacting 
proteins  of  DDX5  in  the  microprocessor  complex.  Drosha,  the  catalytic  core  of  the  microprocessor  complex,  has  a  critical  role  in  the 
maturation  of  specific  non-coding  RNAs,  including  miRNAs  and  ribosomal  RNAs  (rRNAs).  Here,  we  report  that  chronic  or  acute  loss 
of  Arf  enhanced  Drosha  protein  expression.  This  induction  did  not  involve  Drosha  mRNA  transcription  or  protein  stability  but  rather 
relied  on  the  increased  translation  of  existing  Drosha  mRNAs.  Enhanced  Drosha  expression  did  not  alter  global  miRNA  production 
but  rather  modified  expression  of  a  subset  of  miRNAs  in  the  absence  of  Arf  Elevated  Drosha  protein  levels  were  required  to 
maintain  the  increased  rRNA  synthesis  and  cellular  proliferation  observed  in  the  absence  of  Arf  A/f-deficient  cells  transformed  by 
oncogenic  RasV12  were  dependent  on  increased  Drosha  expression  as  Drosha  knockdown  was  sufficient  to  inhibit  Ras-dependent 
cellular  transformation.  Thus,  we  propose  that  ARF  regulates  Drosha  mRNA  translation  to  prevent  aberrant  cell  proliferation  and 
Ras-dependent  transformation. 

Oncogene  advance  online  publication,  14  January  2013;  doi:1 0.1 038/onc.201 2.601 
Keywords:  ARF;  Drosha;  translation;  tumor  suppression;  rRNA 


INTRODUCTION 

Cancer  initiation  and  progression  are  hallmarked  by  the  loss  of 
regulatory  mechanisms  that  control  cellular  growth  and  prolifera¬ 
tion.  The  CDKN2A  ( Ink4a/Arf)  locus  encodes  two  distinct  tumor 
suppressors,  p16INK4a  and  p19ARF  (p14ARF  in  humans).1 * * * *  ARF  has 
classically  been  regarded  as  an  activator  of  p53  through  its  ability 
to  bind  and  sequester  Mdm2,  the  E3  ubiquitin  ligase  for  p53,  in 
the  nucleolus  2-5  Recently,  numerous  p53-independent  functions 
have  been  attributed  to  ARF,6  including  its  regulation  of  ribosomal 
RNA  (rRNA)  synthesis  and  ribosome  biogenesis.7  ARF 
accomplishes  this,  at  least  in  part,  through  its  repressive 
interaction  with  the  ribosome  chaperone  nucleophosmin 
(NPM)  thereby  limiting  steady-state  ribosome  biogenesis  and 
growth.1,8-10 

Recently,  a  nucleolar  proteomic  screen  expanded  on  the 
mechanism  through  which  ARF  controls  rRNA  synthesis  by 
identifying  a  novel  relationship  between  ARF  and  the  DEAD-box 
RNA  helicase,  DDX5.11  Basal  ARF  proteins  restrict  DDX5  access  to 
the  nucleolus  and  antagonize  the  DDX5-NPM  interaction.  This 
interference  is  sufficient  to  disrupt  DDX5's  role  in  rRNA  transcrip¬ 
tion  and  rRNA  processing.  An  assessment  of  other  proteins  that 
are  involved  in  ribosome  biogenesis,  especially  those  that 
associate  with  NPM  and/or  DDX5  could  reveal  additional  modes 
through  which  ARF  acts  as  a  potent  tumor  suppressor. 

Drosha  is  a  RNase  III  endonuclease  that  was  originally  linked 
with  the  processing  of  rRNAs  and  is  now  widely  studied  in  the 
context  of  microRNA  (miRNA)  biogenesis.12,13  miRNAs  represent  a 
class  of  short,  endogenous,  non-coding  RNAs  that  control  gene 


expression  by  inhibiting  translation  and/or  inducing  degradation 
of  specific  target  mRNAs.14  Similar  to  rRNAs,  most  miRNAs  initially 
exist  as  long  primary  transcripts  (pri-miRNAs)  that  are  processed 
through  a  series  of  enzymatic  cleavage  steps  to  generate  mature 
miRNAs.15-17  Drosha  forms  two  different  complexes,  a  small 
microprocessor  complex  that  contains  only  Drosha  and  DGCR8 
and  a  larger  complex  that  contains  accessory  proteins,  including 
DDX5. 18,19  Although  both  complexes  are  capable  of  processing 
pri-miRNAs,  only  the  latter  has  demonstrated  the  ability  to  process 
pre-rRNAs.20 

Abnormalities  in  mature  miRNA  levels  as  well  as  in  the 
expression  of  miRNA  processing  enzymes  have  been  linked  with 
various  types  of  disease.21  Although  some  studies  suggest  that 
there  are  correlations  between  decreased  Drosha  expression  and 
tumor  incidence  and  prognosis,  other  studies  have  shown  that 
reducing  Drosha  expression  impairs  rRNA  processing  and  cellular 
proliferation.22-26  Despite  Drosha's  apparent  link  to  human 
diseases,  little  is  known  about  its  regulation.  Previous  studies 
have  shown  that  Drosha  is  stabilized  through  its  protein-protein 
interaction  with  DGCR8,  but  outside  of  this,  no  other  forms  of 
transcriptional  or  post-transcriptional  regulation  are  known.27 

Given  ARF's  multifaceted  involvement  in  mediating  ribosome 
biogenesis  and  its  newly  characterized  relationship  with  DDX5,  a 
component  of  the  Drosha  processing  complex,  we  sought  to 
determine  whether  ARF  impacted  Drosha.  In  this  report,  we  show 
that  Drosha  is  post-transcriptionally  regulated  in  an  ARF-depen- 
dent  manner.  We  identify  Drosha  as  a  unique  translational  target 
of  the  ARF  tumor  suppressor.  Moreover,  we  show  that  the 
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increased  Drosha  expression  in  the  absence  of  Arf  is  required  for 
efficient  Ras-mediated  cell  transformation  through  Drosha's  ability 
to  regulate  rRNA  synthesis  and  cell  proliferation. 


RESULTS 

Loss  of  Arf  induces  Drosha  expression 

Previous  reports  have  demonstrated  that  ARF  serves  as  a  major 
regulator  of  ribosome  biogenesis7  and  that  this  is  due,  at  least  in 
part,  to  its  modulation  of  DDX5  localization  and  function.7,11 
Moreover,  other  studies  have  established  a  clear  link  between 
DDX5  and  Drosha  in  the  processing  of  double-stranded  RNAs, 
including  rRNAs.18,20  To  test  whether  a  relationship  exists  between 
Drosha  and  ARF,  we  first  compared  Drosha  protein  levels  using 
wild-type  (WT)  and  Arf^'~  mouse  embryonic  fibroblasts  (MEFs). 
Higher  levels  of  Drosha  protein  were  observed  in  cells  with 
genetic  ablation  of  Arf  exon  1(3  (Figure  la,  left).  We  explored  this 
result  further  by  acutely  manipulating  the  expression  of  ARF  using 
either  a  lentivirus  encoding  a  short  hairpin  RNA  (shRNA)  targeting 
Arf  exon  1  (3,  the  ARF-specific  exon  of  the  CDKN2A  locus,  or  an  ARF 
overexpressing  retrovirus.  Consistent  with  the  previous  finding, 
acute  knockdown  of  basal  ARF  expression  resulted  in  heightened 
Drosha  expression  (Figure  1  b).  Conversely,  ectopic  overexpression 
of  ARF  lowered  Drosha  expression  (Figure  1c).  ARF-mediated 
regulation  of  Drosha  protein  expression  was  not  MEF-specific  as 
similar  trends  were  observed  using  Arfffox/ffox  mouse  astrocytes 
infected  with  adenoviruses  encoding  Cre  recombinase  (Figure  Id). 
The  array  of  genetic  techniques  used  to  disrupt  ARF  activity 
demonstrates  a  novel  link  between  these  two  proteins  and 
warranted  a  closer  examination  into  the  mechanism  through 
which  ARF  suppresses  Drosha. 

ARF  suppresses  the  translation  of  Drosha  mRNA 
To  determine  how  basal  ARF  modulates  Drosha  expression,  we 
assessed  different  aspects  of  Drosha  gene  expression  in  response 
to  ARF  manipulation.  Despite  the  increases  in  Drosha  protein 
expression,  no  significant  changes  were  observed  in  Drosha  mRNA 


levels  following  Arf  loss,  acute  ARF  knockdown,  or  ectopic 
overexpression  of  ARF  as  determined  by  quantitative  reverse 
transcription-PCR  (RT-PCR;  Figures  la-d,  right;  Supplementary 
Figure  SI).  Next,  we  treated  WT  and  Arf~'~  MEFs  with 
Actinomycin  D  to  evaluate  Drosha  mRNA  stability  and  observed 
similar  rates  of  Drosha  mRNA  decay  in  the  presence  or  absence  of 
Arf  (Figure  2a).  Taken  together,  these  data  indicate  that  ARF  may 
post-transcriptionally  regulate  Drosha  expression. 

Previous  reports  identified  a  positive  relationship  between 
Drosha  and  its  microprocessor  partner,  DGCR8,  such  that  Drosha 
protein  is  stabilized  when  bound  to  DGCR8.27  To  address  potential 
changes  in  Drosha  protein  stability  in  response  to  Arf  loss,  Drosha 
protein  expression  was  measured  in  WT  and  Arf~'~  MEFs 
following  cycloheximide  treatment.  The  rate  of  Drosha  turnover 
remained  unchanged  in  the  presence  or  absence  of  Arf  despite 
the  fact  that  we  observed  significantly  more  Drosha  at  the  original 
time  of  treatment  in  cells  lacking  Arf  (Figures  2b  and  c). 
Furthermore,  treatment  of  WT  MEFs  with  the  proteosomal 
inhibitor  MG-132  failed  to  induce  Drosha  protein  levels  to  those 
observed  in  Arf  MEFs  (Figure  2d).  These  data  suggest  that  the 
differences  in  Drosha  protein  expression  were  not  caused  by 
altered  protein  stability  that  led  us  to  hypothesize  that  Drosha 
might  be  translationally  regulated  by  ARF. 

Basal  ARF  negatively  regulates  multiple  aspects  of  ribosome 
biogenesis,  including  rDNA  transcription,  rRNA  processing,  and 
ribosome  nuclear  export.7,9,28-30  Although  it  is  possible  that  ARF's 
antagonizing  role  in  these  processes  may  disrupt  the  global 
translation  of  all  mRNAs,  existing  data  suggest  that  select  genes 
may  be  translationally  regulated  by  ARF.31  Having  ruled  out  ARF 
regulation  of  Drosha  transcription,  mRNA,  and  protein  stability,  we 
sought  to  determine  the  effects  of  Arf  loss  on  the  translation  of 
existing  Drosha  mRNAs.  We  compared  the  percentage  of  Drosha 
mRNA  transcripts  associated  with  actively  translating 
polyribosomes  (polysomes)  in  WT  and  Arf~'~  MEFs.  Ribosomes 
were  detected  in  lysates  separated  in  sucrose  gradients  by 
continuous  measurement  of  RNA  absorbance  (A254nm)-  Loss  of  Arf 
enhanced  the  overall  formation  of  polysomes  actively  engaged  in 
mRNA  translation  as  previously  described  (Figure  3b).9 
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Figure  1.  Arf  negatively  regulates  Drosha  protein  expression  in  a  transcriptionally  independent  manner,  (a-d,  left  columns)  Cells  of  the 
indicated  genotype  were  lysed,  and  separated  proteins  were  immunoblotted  for  the  indicated  proteins.  Arf nox/f]ox  astrocytes  were  infected 
with  adenoviruses  encoding  (3-galactosidase  (LacZ)  or  Cre  recombinase  and  were  harvested  at  5  days  post-infection  for  gene  expression 
analysis.  Drosha  expression  fold  change  relative  to  WT  or  control  infected  cells  is  indicated,  (a-d,  right  columns)  Quantitative  RT-PCR  analysis 
was  performed.  Drosha  mRNA  levels  were  normalized  to  Gapdh  mRNA  levels.  Fold  change  was  calculated  using  the  AAC7  method.  Data  are 
the  mean  ±  s.e.m.  (/V  =  3).  EV,  empty  vector. 
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polysome  fractions  1 1-13  in  the  absence  of  Arf,  shifting  away  from 
lighter  polysomes  in  fraction  9  from  WT  cells  (Figure  3c). 
Importantly,  GAPDH  (glyceraldehyde  3-phosphate  dehydrogen¬ 
ase)  mRNA  transcript  distribution  remained  unchanged  across 
polysomes  (Figure  3d),  suggesting  that  Arf  loss  does  not  globally 
affect  the  translation  of  every  cellular  transcript  but  rather  leads  to 
selective  mRNA  translation. 

ARF  knockdown  alters  the  expression  of  only  a  subset  of  mature 
miRNAs  despite  higher  levels  of  Drosha 

To  begin  to  understand  the  downstream  effects  of  heightened 
Drosha  translation,  we  sought  to  compare  global  miRNA  expres¬ 
sion  patterns  upon  ARF  knockdown.  It  was  previously  reported 
that  alterations  in  known  miRNA  processing  factors  failed  to  alter 
specific  mature  miRNA  expression,  suggesting  that  the  micro¬ 
processor  itself  does  not  act  at  a  rate-limiting  stage  of  this  process 
in  some  instances.32  Nevertheless,  in  order  to  measure  the  impact 
of  ARF  knockdown  on  the  miRNA  signature  of  these  cells,  a 
Taqman  array  platform  was  used  to  quantify  the  changes  in 
expression  of  over  300  mouse-specific  miRNAs.  The  goal  was  to 
identify  miRNA  expression  that  was  significantly  altered  (>  1.4- 
fold  change).  Although  approximately  50%  of  all  miRNAs 
examined  on  the  array  were  either  undetectable  or  present  at 
very  low  levels  (Ct-> 31)  in  MEFs,  there  were  34  miRNAs  that 
underwent  significant  changes  in  expression  (1 1  upregulated  and 
23  downregulated)  upon  ARF  knockdown  and  subsequent  Drosha 
elevation  (Figures  4a  and  b;  Supplementary  Figure  S2).  These 
findings  imply  that  gains  in  Drosha  expression,  at  least  via  loss  of 
ARF,  can  significantly  modify  the  miRNA  landscape  within  the  cell. 
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Figure  2.  Loss  of  Arf  has  no  effect  on  Drosha  mRNA  or  protein 
stability,  (a)  WT  and  Arf~'~  MEFs  were  treated  with  4|ig/ml 
actinomycin  D  for  the  indicated  times.  Quantitative  RT-PCR  analysis 
was  performed.  Data  are  represented  as  the  percentage  of  Drosha 
mRNA  remaining  after  normalization  to  Gapdh  levels  at  f  =  0.  (b,  c) 
Cells  were  treated  with  25  jag/ml  cycloheximide  and  were  harvested 
at  the  indicated  times  for  immunoblot  analysis.  Densitometry 
quantification  is  depicted  in  panel  b  and  data  are  represented  as 
percentage  of  remaining  Drosha  protein  levels  normalized  to  y- 
tubulin.  (d)  WT  MEFs  were  treated  with  40|im  MG-132  or  dimethyl 
sulfoxide  (DMSO)  for  8h,  and  changes  in  Drosha  and  p21  (positive 
control)  protein  levels  were  measured. 


Reduced  Drosha  expression  impairs  rRNA  processing  and  cellular 
proliferation  in  the  absence  of  Arf 

Similar  to  its  accessory  protein  partner,  DDX5,  Drosha  has  been 
implicated  in  rRNA  processing.8,33  As  it  has  been  shown  that  cells 
lacking  Arf  process  rRNA  precursors  more  efficiently  than  their  WT 
counterparts,7,9  we  hypothesized  that  reducing  Drosha  expression 
in  Arf  1  MEFs  would  impair  rRNA  processing.  Two  independent 
lentiviral  shRNA  constructs  encoding  different  Drosha-specific 
shRNAs  were  used  to  obtain  sufficient  knockdown  relative  to  the 
luciferase  control  hairpin  (Figure  5a).  We  monitored  the  proces¬ 
sing  of  the  initial  47S  pre-rRNA  transcript  via  [methyl-3H]- 
methionine  pulse-chase  analysis7  revealing  a  delayed 
accumulation  of  mature  28S  and  18S  rRNAs  in  cells  following 
Drosha  knockdown  (Figure  5b).  In  a  separate  experiment,  WT 
MEFs  were  infected  with  a  retrovirus  encoding  Drosha  to 
determine  whether  elevated  Drosha  levels  could  accelerate 
ribosome  biogenesis.  Here,  we  discovered  a  more  rapid  accumu¬ 
lation  of  mature  28S  and  18S  rRNAs  in  cells  expressing  Drosha 
versus  vector-transduced  cells  (Supplementary  Figure  S3). 
Together,  these  data  imply  that  Drosha  is  not  only  required  to 
enhance  the  processing  of  nascent  rRNA  transcripts  in  the 
absence  of  Arf  but  also  that  the  upregulation  of  Drosha  associated 
with  Arf  loss  is  sufficient  for  increased  rRNA  maturation. 

Drosha's  role  in  facilitating  rRNA  synthesis  suggested  that  it 
might  also  be  critical  for  cell  proliferation.  In  cells  depleted  of 
Drosha  by  shRNA  knockdown,  we  observed  a  dramatic  decrease  in 
proliferation  rates  relative  to  control-infected  cells  (Figure  5c). 
Furthermore,  A/f~/_  MEFs  were  dependent  on  elevated  Drosha 
expression  for  long-term  proliferation;  Arf^;~  MEFs  plated  at  low 
density  formed  fewer  colonies  following  Drosha  knockdown  after 
12  days  in  culture  (Figure  5d).  Taken  together,  our  results  show 
that  cells  lacking  Arf  rely  on  augmented  Drosha  expression  to 
maintain  aberrant  and  rapid  cellular  proliferation  rates. 


Quantitative  RT-PCR  was  performed  to  evaluate  the  distribution  of 
Drosha  mRNA  transcripts  in  monosome-,  disome-,  and  polysome- 
containing  fractions.  Drosha  mRNAs  were  abundant  in  the  heavier 


Drosha  knockdown  promotes  apoptosis 

To  investigate  whether  the  decrease  in  proliferation  was  linked  to 
a  change  in  cell  viability,  we  analyzed  the  cell-cycle  distribution  of 
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Figure  3.  Translation  of  Drosha  mRNAs  is  augmented  upon  loss  of  Arf.  (a)  Endogenous  Drosha  protein  levels  are  elevated  in  MEFs  that  lack  A/f 
compared  with  WT  MEFs.  (b)  Cytosolic  extracts  were  prepared  from  equal  number  of  WT  and  Arf~'~  MEFs  that  had  been  treated  for  5  min 
with  cycloheximide  (1 0  /ag/ml).  Extracts  were  then  subjected  to  differential  density  centrifugation  and  analyzed  via  constant  ultraviolet 
monitoring  (254  nm).  (c,  d)  Monosome-,  disome-,  and  polysome-associated  Drosha  mRNA  levels  were  measured  with  quantitative  RT-PCR  and 
were  calculated  as  a  percentage  of  total  Drosha  mRNA  present  in  all  the  fractions.  Data  are  the  mean  ±s.e.m.  (A/ =  3). 


both  knockdown  and  control  cells  using  flow  cytometry 
(Supplementary  Figure  S4a).  In  accordance  with  the  aforemen¬ 
tioned  proliferation  data,  the  G1  and  G2/M  distribution  of  Drosha- 
depleted  cells  was  significantly  reduced  compared  with  control 
knockdown  cells.  In  addition,  the  population  of  sub-GI  cells  was 
significantly  larger  upon  Drosha  knockdown  (5.19%  shLuc  versus 
49.53%  shDrosha  1  or  37.78%  shDrosha  2),  which  represented 
cells  with  a  hypodiploid  genome  because  of  DNA  degradation,  a 
commonly  associated  feature  of  cells  undergoing  apoptosis 
(Figure  6a). 

In  order  to  determine  whether  apoptosis  accounted  for  the 
differences  in  Arf  cell  proliferation  upon  Drosha  knockdown, 
we  sought  to  quantify  the  population  of  cells  undergoing 
apoptosis  by  flow  cytometric  analyses  with  FITC  (fluorescein 
isothiocyanate)-Annexin-V  and  propidium  iodide  double  staining. 
Arf~f~  cells  maintain  an  active  p53  response  to  DNA  damaging 
agents,  and  transient  etoposide  treatment  properly  induced 
apoptosis  in  these  cells  (Supplementary  Figure  S4b).  Approxi¬ 
mately  60-70%  of  Drosha-depleted  Arf~/  MEFs  stained  positive 
for  Annexin  V  compared  with  only  10%  of  control  cells  (Figure  6c), 
indicating  that  Drosha  knockdown  decreases  cell  proliferation,  at 
least  in  part,  by  greatly  increasing  apoptosis.  Caspase-mediated 
cleavage  of  the  PARP  (poly  ADP-ribose  polymerase)  protein  is  an 
indicator  of  cells  undergoing  apoptosis.  In  agreement  with  our 
observed  Annexin-V  staining,  enhanced  cleavage  of  PARP  was 
observed  in  Drosha-knockdown  cells  relative  to  control  knock¬ 
down  (Figure  6b). 

Rasvi 2 -induced  transformation  of  Arf~/~  MEFs  requires  Drosha 
ARF  protects  normal  cells  from  oncogenic  RasV12  transformation 
by  activating  a  p53-dependent  growth  arrest  or  apoptotic 
response.34  However,  in  the  absence  of  Arf,  MEFs  transduced 
with  RasV12  undergo  cellular  transformation,  an  event  that  can  be 
both  observed  and  quantified  by  anchorage-independent  growth 
in  soft  agar.35  To  determine  whether  elevated  Drosha  levels 
phenocopied  Arf  loss,  WT  MEFs  ectopically  expressing  Drosha  and 


oncogenic  RasV12  were  plated  in  soft  agar.  Unlike  RasV12- 
transduced  Arf~'~  MEFs,  Drosha  did  not  cooperate  with 
RasV12  to  transform  WT  cells.  Furthermore,  unlike  RasV12,  Drosha 
alone  was  unable  to  transform  Arf  /_  MEFs,  suggesting  that 
Drosha  does  not  act  as  a  bona  fide  oncogene  to  drive  cellular 
transformation  (Supplementary  Figure  S5). 

Although  overexpression  of  Drosha  alone  was  not  sufficient  to 
transform  immortal  Arf_/_  cells,  we  hypothesized  that  Drosha 
might  be  necessary  for  Rasvi  2  transformation  in  the  absence  of  Arf. 
To  test  this  hypothesis,  Arf  /_  MEFs  were  first  infected  with 
retroviruses  encoding  oncogenic  RasV12  followed  by  transduction 
of  Drosha-specific  shRNAs  (Figure  7a).  Reduction  of  Drosha  protein 
expression  was  sufficient  to  impair  Rasv12-driven  colony  formation 
and  anchorage-independent  growth  as  indicated  by  a  reduction 
in  both  the  number  of  colonies  and  their  overall  size  (Figures  7b 
and  c),  implying  that  Arf-deficient  cells  transformed  by  oncogenic 
RasV12  require  elevated  Drosha  expression  to  maintain  the 
transformed  phenotype. 


DISCUSSION 

The  tumor-suppressor  nature  of  ARF  was  originally  ascribed  to  its 
ability  to  stabilize  and  activate  p53  in  the  presence  of  oncogenic 
stress.  Over  the  past  decade,  numerous  groups  have  established 
ARF  as  a  potent  multifaceted  tumor  suppressor  that  is  not  only 
crucial  for  the  cellular  response  to  oncogene  activation  but  also 
capable  of  monitoring  steady-state  ribosome  synthesis  and 
growth  in  a  p53-independent  manner.2-5,8'9'28'29  Aside  from 
the  p53-MDM2  network,  NPM  was  one  of  the  first  proteins  to  be 
associated  with  ARF;8,30  this  novel  interaction  suppresses 
ribosome  nuclear  export,  a  rate-limiting  step  of  ribosome 
biogenesis.10,36  More  recently,  a  dynamic  relationship  between 
ARF  and  the  DDX5  RNA  helicase  was  revealed,  further  illustrating 
how  ARF  is  able  to  control  ribosome  output  through  the 
coordinated  regulation  of  rRNA  transcription  and  rRNA 
processing.7,11  Given  that  loss  of  Arf,  a  common  event  in  cancer, 
enhances  several  important  steps  of  ribosome  maturation,  one 
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Figure  4.  The  expression  of  only  a  subset  of  miRNAs  is  altered  upon 
ARF  knockdown,  (a)  Global  miRNA  expression  profiles  of  WT  MEFs 
infected  with  shLuc  or  shA/f-encoded  lentivirus  were  determined  by 
TaqMan  MicroRNA  quantitative  RT-PCR  in  three  separate  experi¬ 
ments.  Only  miRNAs  [N  =147)  that  were  present  at  appreciable 
quantities  in  at  least  one  condition  {CT  value  <31)  were  used  for 
analysis.  miRNA  expression  fold  changes  were  calculated  for  each 
replicate  and  then  averaged.  The  heat  map  shows  the  fold  changes 
in  expression  for  a  subset  of  miRNAs  in  WT  shA/f  MEFs  relative  to  WT 
shLuc  MEFs.  Each  colored  block  represents  the  expression  of  1 
miRNA  (labeled  on  the  left).  Expression  signals  are  converted  into 
color  (red,  high  signal;  green,  low  signal).  Color  intensities  are 
proportional  to  the  variation  of  expression  as  indicated  in  the  scale 
bar.  (b)  Table  depicting  the  10  most  up-  and  downregulated  miRNAs 
in  WT  shA/f  cells  relative  to  WT  shLuc  cells. 


might  predict  that  a  global  increase  in  protein  translation  would 
ensue  under  these  conditions.  Although  future  work  pertaining  to 
this  hypothesis  is  required,  a  previous  study  as  well  as  the  data 
presented  here,  present  a  scenario  that  disruption  of  Arf 
expression  likely  initiates  a  selective  translational  program  that 
accounts  for  an  overall  pro-growth  phenotype.31  The  initiation  of 
this  selective  translational  program  could  provide  a  more 
permissive  cellular  environment  for  secondary  oncogenic  driver 
mutations,  resulting  in  a  more  robust  transformative  phenotype. 

The  RNase  III  endonuclease,  Drosha,  participates  in  several 
essential  cellular  processes,  most  notably,  the  processing  of  pre- 
rRNA  and  pri-miRNA  intermediate  species.  Given  the  role  of  these 
small  non-coding  RNAs  in  development  and  disease,  it  is 
conceivable  that  the  machinery  responsible  for  their  maturation 
must  be  tightly  monitored.  To  date,  very  little  is  known  about  the 


mechanisms  through  which  Drosha  is  regulated.  Here,  we 
presented  evidence  that  Drosha  expression  is  controlled  at 
the  level  of  translation  in  an  ARF-dependent  manner.  Although 
we  have  demonstrated  that  existing  Drosha  mRNAs  are  excluded 
from  polysomes  in  the  presence  of  ARF,  further  studies  will  be 
needed  to  provide  insight  into  the  precise  mechanism  through 
which  ARF  antagonizes  Drosha  transcript  association  with  poly¬ 
ribosomes.  Given  Drosha's  ability  to  promote  rRNA  processing  and 
increase  cytosolic  ribosome  availability,  this  could  represent  a 
feed-forward  loop.  Heightened  Drosha  levels  would  stimulate 
ribosome  production  that,  in  turn,  would  enhance  Drosha  mRNA 
translation.  However,  this  over-simplified  loop  does  not  take  into 
account  any  selective  translation.  Rather,  translational  selectivity 
could  occur  through  miRNA-directed  translation.  Here,  we  show 
that  loss  of  Arf  and  the  concomitant  increase  in  Drosha  levels 
impact  the  miRNA  profile  of  these  cells,  albeit  not  globally.  This  is 
in  agreement  with  previous  findings  that  the  Drosha-containing 
microprocessor  does  not  serve  as  a  rate-limiting  factor  in  miRNA 
processing.32  It  is  possible  that  one  or  more  of  the  23  miRNAs  that 
were  repressed  upon  ARF  knockdown  might  target  the  Drosha 
transcript.  This  could  account  for  the  lack  of  Drosha  translational 
repression  under  these  conditions. 

Preceding  studies  have  yielded  conflicting  results  regarding 
Drosha's  role  in  cell  growth,  proliferation,  and  transformation.22-26 
Alterations  in  RNASEN  (gene  encoding  mouse  and  human  Drosha) 
copy  number  have  been  correlated  with  specific  types  of  cancer, 
but  there  is  no  clear  trend  that  exclusively  establishes  this  RNA- 
processing  enzyme  as  a  tumor  suppressor  or  oncogene.  Our 
findings  indicate  that  in  A/f-deficient  primary  mouse  fibroblasts, 
Drosha  has  an  important  role  in  mediating  enhanced  cell  growth 
and  proliferation.  Drosha  knockdown  impaired  rRNA  processing, 
ribosome  biogenesis,  and  reduced  the  proliferation  rate  of  cells 
while  activating  an  apoptotic  cell  death  response.  Furthermore, 
we  uncovered  a  critical  role  for  elevated  Drosha  expression  in 
maintaining  Rasv12-induced  cellular  transformation.  Given  the 
well-established  association  between  increased  translation  rates, 
proliferation,  and  neoplastic  transformation,  perhaps  Drosha 
makes  a  required  cellular  process,  such  as  ribosome  biogenesis, 
more  efficient  to  accommodate  the  overwhelming  protein 
synthesis  demands  following  exposure  to  oncogenic  stimuli.  In 
this  setting,  oncogenic  Ras  requires  the  elevated  ribosome 
biogenesis  that  heightened  Drosha  provides.  In  the  absence  of 
Arf  and  presence  of  activated  RasV12,  loss  of  Drosha  expression 
acts  as  a  synthetic  lethal  event-triggering  apoptosis.  Thus,  we  have 
established  a  novel  regulatory  link  between  Drosha  and  ARF  that 
not  only  defines  the  growth  properties  of  these  two  proteins  but 
also  highlights  new  mechanisms  through  which  they  function  to 
establish  a  pro-  or  anti-tumor  regimen. 

MATERIALS  AND  METHODS 

Cell  culture  and  reagents 

Low  passage  (P3-P5)  primary  B6/129  WT  and  A/f_/_  MEFs  were  isolated 
and  cultured  as  previously  described.10  For  western  blot  analysis, 
membranes  were  probed  with  the  following  antibodies:  rabbit  anti- 
Drosha  (ab12286;  Abeam,  Cambridge,  MA,  USA);  rat  anti-pi  9ARF  (sc- 
32748),  rabbit  anti-pi  6INK4a  (sc1207),  mouse  anti-p21  (sc6246),  rabbit  anti- 
Ras  (sc520),  and  mouse  anti-y-tubulin  (sc17787;  all  from  Santa  Cruz 
Biotechnology,  Santa  Cruz,  CA,  USA);  rabbit  anti-cleaved  PARP  (#9544;  Cell 
Signaling,  Danvers,  MA,  USA).  For  apoptosis  assay,  etoposide  (Sigma, 
St  Louis,  MO,  USA)  was  used  at  a  final  concentration  of  50jim. 

Plasmids  and  viral  production 

For  Drosha  overexpression,  the  Drosha  ORF  was  first  PCR  amplified  using 
cDNA  derived  from  MEF  total  RNA.  The  following  primers  were  used: 
forward  5'-GACGATATCGGACGCATCGAGATGCAAGG-3',  reverse  5'-GACG 
AT  AT  CCC  ACT  CCTGCCCT  CGTTT  AC-3' .  The  Drosha  ORF  was  then  cloned  into 
the  pBabe-puro  retroviral  backbone.  The  EcoRV  sites  flanking  the 
ORF  allowed  for  blunt-end  ligation  into  the  SnaBI  site  of  pBabe-puro. 


Fold  u 

Change 
2.5 


miRNA 

Fold  Change 

mmu-miR-503 

2.42 

mmu-miR-672 

2.17 

mmu-miR-708 

2.02 

mmu-miR-322 

1.62 

mmu-miR-182 

1.59 

mmu-miR-298 

1.51 

mmu-miR-19b 

1.50 

mmu-miR-467c 

1.50 

mmu-miR-350 

1.45 

mmu-miR-140 

1.45 

mmu-miR-139-5p 

1.77 

mmu-miR-335-5p 

1.82 

mmu-miR-7a 

1.84 

mmu-miR-340-3p 

1.87 

mmu-miR-495 

1.93 

mmu-miR-425 

2.12 

mmu-miR-543 

2.60 

mmu-miR-376b 

2.89 

mmu-miR-194 

2.94 

mmu-miR-685 

3.94 

©  2013  Macmillan  Publishers  Limited 


34 


Oncogene  (2013),  1-8 


ARF  regulates  Drosha  translation 
MJ  Kuchenreuther  and  JD  Weber 


#  $ 
xO  .o 


Fold:  1.0  0.22  0.17 


shLuc  shDro  1  shDro  2 

olio  30  60  |  0  30  60 1  Min 


Drosha 


Tubulin 


◄  18S 


i  II 

I  ... 

i.  1 

I  .1 

■ 

(  ) 

:  ) 

shDrosha  2 


shDrosha  1 


shLuc 


100  200 
Foci  # 


300 


Figure  5.  Drosha  knockdown  reduces  proliferation  and  impairs  ribosomal  RNA  maturation,  (a)  Infected  Arf~/~  MEFs  were  lysed,  and 
separated  proteins  were  immunoblotted  to  confirm  Drosha  knockdown,  (b)  shLuc  and  shDrosha  Arf~/~  MEFs  were  labeled  with  [methyl-3H]- 
methionine  and  chased  for  the  indicated  times.  Radiolabeled  RNA  was  separated  on  an  agarose  gel,  transferred  to  a  membrane,  and 
visualized  by  autoradiography  (left  panel).  Relative  band  intensities  were  determined  for  rRNA  in  the  processing  assay  and  plotted  over  time 
(right  panels).  The  band  intensities  for  all  conditions  were  first  individually  normalized  to  their  respective  47S  levels  at  7=0  and  then  fold 
change  was  calculated,  (c,  d)  Following  Drosha  knockdown,  cells  were  plated  in  triplicate  at  a  density  of  5  x  1 04  per  well  in  a  6-well  plate  for  a 
proliferation  assay  and  counted  over  a  4-day  time  period  (c).  These  cells  were  also  seeded  in  triplicate  at  5  x  103  cells  per  dish  in  parallel  and 
grown  for  12  days.  Foci  were  fixed  in  methanol,  stained  with  Giemsa,  and  counted  (d). 
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Figure  6.  shRNA-mediated  knockdown  of  Drosha  in  MEFs  promotes  cell  death  via  apoptosis,  (a)  Quantification  of  the  cell-cycle  distribution  of 
shLuc  and  shDrosha  Arf~f~  MEFs  as  determined  by  flow  cytometry,  (b)  Immunoblot  analysis  examining  PARP  cleavage  in  response  to  Drosha 
knockdown,  (c)  Percentage  of  living,  apoptotic  (Annexin  V-positive),  and  dead  (propidium  idiode-positive  and  double-positive)  shLuc  and 
shDrosha  cells  determined  by  flow  cytometry.  Data  are  expressed  as  the  mean  ±s.d.  of  10  000  events  performed  in  triplicate. 


pBabe-puro-H-RasV12  was  a  generous  gift  from  Martine  Roussel  (St,  Jude 
Children's  Research  Hospital,  Memphis,  TN,  USA)  and  pBabe-HA-ARF  has 
been  previously  described.10  Retroviral  production  was  performed  as 
previously  described,37  and  collected  retrovirus  was  used  to  infect  MEFs  in 
the  presence  of  10  |ig/ml  polybrene. 

pLKO.I-puro  constructs  obtained  from  the  Genome  Institute  at 
Washington  University  were  used  for  RNA  interference  (RNAi)  against 
Drosha  and  Arf.  Sequences  for  the  shRNAs  are  5'-CCTGGACAAGTTGATAGG 
ATA-3'  for  Drosha  (here  named  shDrosha  1),  5'-CTTCGAGAAGTCTGGCTC 
AAT-3'  also  for  Drosha  (here  named  shDrosha  2),  and  5'-TCTACT 
GGTCTGCCTAAAGGT-3'  for  the  luciferase  control.  pLKO-puro-shARF  has 
been  previously  described.38  For  lentiviral  production,  5  x  106  293T  cells 
were  cotransfected  with  pCMV-VSV-G,  pCMVAR8.2,  and  pLKO.I-puro 
constructs  using  Lipofectamine  2000  (Invitrogen,  Carlsbad,  CA,  USA). 


Forty-eight  hours  post-transfection,  viral  supernatants  were  collected  and 
pooled. 

Quantitative  RT-PCR 

Total  RNA  and  RNA  from  monosome,  disome,  and  polysome  fractions  were 
extracted  using  RNA -Solv  (Omega  Bio-tek,  Norcross,  GA,  USA).  For 
polysome  profiling  experiments,  first-strand  cDNA  synthesis  and  real-time 
PCR  were  done  as  previously  described.39  To  amplify  Drosha  and  GAPDH 
mRNAs,  the  following  primers  were  used:  Drosha  forward,  5'- 
CG  AT  GGCCAATT  GTTTT  G  AAGCC-3';  Drosha  reverse,  5'-CGGACGTGAGT 
G AAG AT C ACT C-3';  GAPDH  forward,  5'-GCTGGGGCTCACCTGAAGG-3';  and 
GAPDH  reverse,  5'-GGATGACCTTGCCCACAGC-3'.  Real-time  PCR  was 
performed  on  an  iCycler  apparatus  (Bio-Rad,  Hercules,  CA,  USA)  using  iQ 
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Figure  7.  Drosha  knockdown  significantly  inhibits  Ras-induced  colony  formation  of  Arf~'~  MEFs.  (a)  Immunoblot  analysis  to  confirm  Ras 
overexpression  and  Drosha  knockdown  in  Arf~f~  MEFs.  (b,  c)  A  total  of  5  x  104  infected  cells  per  condition  were  seeded  in  triplicate  onto  soft 
agar  plates  and  were  grown  for  3  weeks.  Colonies  were  examined  under  a  microscope  and  counted.  Colony  number  is  expressed  as  the 
mean  ±  s.e.m. 


Sybr  Green  Supermix  (Bio-Rad).  Fold  change  was  calculated  using  the  AA CT 
method.40  Drosha  and  Gapdh  transcripts  per  cell  were  calculated  by 
extrapolation  from  a  standard  curve  generated  from  serial  dilutions  of  a 
known  quantity  of  subcloned  cDNA. 

RNA  and  protein  stability 

To  assess  mRNA  stability,  MEFs  were  treated  with  4|ig/ml  actinomycin  D 
(Sigma),  harvested  at  0,  2,  4,  and  8  h  post-treatment,  and  subjected  to  RNA 
isolation,  cDNA  synthesis  reaction,  and  quantitative  RT-PCR  analysis  using 
the  real-time  primers  for  Drosha  and  GAPDFI  listed  above.  A  second  pair  of 
Drosha  primers  was  also  used  to  ensure  specificity;  Drosha  forward  5'- 
G ATTGCC AAC ATGCT CCAGTGG-3';  Drosha  reverse,  5'-GCTAGGAGGTGGC- 
GAAGTTTCAC-3'.  To  examine  protein  stability,  cells  were  treated  with 
25|ig/ml  cycloheximide  (Sigma),  harvested  at  0,  2,  4,  6,  and  8h  post¬ 
treatment  and  subjected  to  western  blot  analysis.  For  proteosomal 
inhibition  experiment,  MEFs  were  treated  with  dimethyl  sulfoxide  (mock) 
or  40  |im  MG-132  (Sigma)  for  8h  and  then  subjected  to  western  blot 
analysis. 

Ribosome  fractionation 

WT  and  ArfA  MEFs  were  treated  with  cycloheximide  (lOpg/ml)  for  5  min 
before  harvesting  to  stall  ribosomes  on  mRNAs.  Cells  were  counted,  and 
cytosolic  extracts  prepared  from  3  x  106  cells  were  subjected  to  ribosome 
fractionation  as  previously  described38,41  using  a  density  gradient  system 
(Teledyne  ISCO,  Lincoln,  NE,  USA).  Drosha  and  Gapdh  mRNA  distribution 
per  fraction  was  calculated  as  a  percentage  of  the  total  number  of 
transcripts  in  all  collected  fractions. 

Ribosomal  RNA  processing 

Equal  numbers  of  infected  WT  or  Arf~/~  MEFs  were  grown  in  methionine- 
free  starvation  media  containing  10%  dialyzed  fetal  bovine  serum  for 
15  min.  Cells  were  treated  with  50pCi/ml  [methyl-3H]-methionine  for 
30  min  and  chased  in  complete  media  spiked  with  cold  methionine 
(1 0  pimol/l)  for  the  indicated  times.  Extracted  RNA  was  separated  on 
agarose-formaldehyde  gels  and  transferred  to  a  Hybond  XL  membrane  (GE 
Healthcare,  Piscataway,  NJ,  USA).  The  membrane  was  cross-linked  and 
sprayed  with  En3Hance  (Perkin-Elmer,  Waltham,  MA,  USA)  before 
autoradiography.  Band  intensities  were  quantitated  using  ImageQuant  TL 
(GE  Healthcare). 


Screening  of  miRNA  expression 

WT  MEFs  were  infected  with  a  control-  or  ARF-specific  shRNA  for  72  h 
before  extraction  of  total  RNA  using  the  miRNeasy  kit  (Qiagen, 
Courtaboeuf,  France).  TaqMan  Megaplex  RT  was  performed  using  750  ng 
of  input  RNA  according  to  the  manufacturer's  protocol,  and  real-time  PCR 
was  run  on  the  384-well  micro-fluidic  TaqMan  miRNA  Array  Card  A  using 
the  Applied  Biosystems  7900HT  Real-Time  PCR  System  (Applied  Biosys¬ 
tems,  now  Life  Technologies;  Carlsbad,  CA,  USA).  Data  were  processed  and 
exported  with  Applied  Biosystems  SDSv2.2.1  software.  Once  again,  relative 


quantification  was  performed  using  the  AACt  method,  using  U6  as  a 
reference. 

Foci  formation  and  proliferation  assays 

For  cell  proliferation  assays,  infected  Arf~/~  MEFs  were  plated  in  triplicate 
at  5  x  104  cells  per  well.  Every  24  h  thereafter,  cells  were  harvested  and 
counted  using  a  hemacytometer  (Hausser  Scientific,  Horsham,  PA,  USA). 
Cells  were  grown  for  14  days  in  complete  medium  and  then  were  fixed 
with  100%  methanol  and  stained  for  30  min  with  50%  Giemsa.  Colonies 
were  quantified  using  ImageQuant  TL  (GE  Healthcare). 

Cell-cycle  distribution  analysis 

Infected  Arf~y~  MEFs  (1  x  106)  were  washed  once  in  phosphate-buffered 
saline  (1%  fetal  bovine  serum)  and  then  fixed  in  ice  cold  100%  ethanol. 
DNA  was  stained  with  propidium  iodide  (20pg/ml;  Sigma)  in  the  presence 
of  1  mg/ml  RNase  A  (Sigma).  Cells  were  analyzed  for  DNA  content  by  flow 
cytometry  using  a  FACSCalibur  instrument  (Becton  Dickinson  Instruments, 
Franklin  Lakes,  NJ,  USA).  The  data  were  analyzed  using  CELLQUEST  analysis 
software  (Becton  Dickinson). 

Apoptosis  analysis 

Equal  numbers  of  infected  Arf~/~  MEFs  were  stained  with  FITC-Annexin  V 
and  propidium  iodide  using  the  Vybrant  Apoptosis  Assay  Kit  #3  (VI 3242; 
Molecular  Probes/lnvitrogen,  Carlsbad,  CA,  USA)  according  to  the 
manufacturer's  protocol.  For  a  positive  control,  cells  were  treated  with 
etoposide  (50  (im)  for  16h.  Cells  were  analyzed  by  flow  cytometry  as 
described  above. 

Soft  agar 

Arf~'~  MEFs  were  first  infected  with  RasV12  or  pBabe  empty  vector  and 
then  selected  in  puromycin  (2pg/ml).  Following  drug  selection,  the  cells 
were  infected  with  pLKOI.1  luciferase  or  pLKOI.1  shDrosha.  For  soft-agar 
colony  formation,  1  x  104  infected  cells  were  seeded  in  triplicate  on  60- 
mm  dishes,  and  the  cells  were  relayered  with  soft  agar  on  a  weekly  basis. 
After  3  weeks,  plates  were  examined  under  a  microscope,  and  the  colonies 
were  counted. 
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ORIGINAL  ARTICLE 

Nucleophosmin  protein  expression  level,  but  not  threonine  198 
phosphorylation,  is  essential  in  growth  and  proliferation 


SN  Brady1’3,  LB  Maggi  Jr1’3,  CL  Winkeler1,  EA  Toso1,  AS  Gwinn1,  CL  Pelletier1  and  JD  Weber1’2 
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Cell  Biology  and  Physiology,  Washington  University  School  of  Medicine,  St  Louis,  MO,  USA 


Nucleophosmin  (NPM),  an  oligomeric  phosphoprotein  and 
nucleolar  target  of  the  ARF  tumor  suppressor,  contributes 
to  several  critical  cellular  processes.  Previous  studies  have 
shown  that  the  human  NPM’s  phosphorylation  by  cyclin  E- 
cyclin-dependent  kinase  2  (cdk2)  on  threonine  (Thr)  199 
regulates  its  translocation  from  the  centrosome  during  cell 
cycle  progression.  Given  our  previous  finding  that  ARF 
directly  binds  NPM,  impeding  its  transit  to  the  cytoplasm 
and  arresting  cells  before  S-phase  entry,  we  hypothesized 
that  ARF  might  also  inhibit  NPM  phosphorylation. 
However,  ARF  induction  did  not  impair  phosphorylation 
of  the  cdk2  target  residue  in  murine  NPM,  Thr198. 
Furthermore,  phosphorylation  of  Thr198  occurred  through¬ 
out  the  cell  cycle  and  was  concomitant  with  increases  in 
overall  NPM  expression.  To  investigate  the  cell’s  presumed 
requirement  for  NPM-Thr198  phosphorylation  in  promoting 
the  processes  of  growth  and  proliferation,  we  examined  the 
effects  of  a  non-phosphorylatable  NPM  mutant,  T198A,  in 
a  clean  cell  system  in  which  endogenous  NPM  had  been 
removed  by  RNA  interference.  Here,  we  show  that  the 
T198A  mutant  is  fully  capable  of  executing  NPM’s 
described  roles  in  nucleocytoplasmic  shuttling,  ribosome 
export  and  cell  cycle  progression.  Moreover,  the  prolifera¬ 
tive  defects  observed  with  stable  NPM  knockdown  were 
restored  by  mutant  NPM-T198A  expression.  Thus,  we 
demonstrate  that  the  reduction  in  NPM  protein  expression 
blocks  cellular  growth  and  proliferation,  whereas  phosphor¬ 
ylation  of  NPM-Thr198  is  not  essential  for  NPM’s  capacity 
to  drive  cell  cycle  progression  and  proliferation. 

Oncogene  (2009)  28,  3209-3220;  doi:10.1038/onc.2009.178; 
published  online  29  June  2009 

Keywords:  NPM;  ribosome;  pl9ARF;  centrosome 


Introduction 

A  highly  abundant  and  evolutionarily  conserved 
nucleolar  phosphoprotein,  nucleophosmin/B23  (NPM), 
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exhibits  a  dynamic  subcellular  localization  throughout 
the  cell  cycle  and  has  been  reported  to  interact 
with  RNA  and  a  diverse  suite  of  proteins,  including 
pl9/pl4ARF,  p53,  nucleolin,  ribosomal  protein  L5, 
GADD45a  and  a  host  of  viral  proteins  (Li,  1997;  Liu 
and  Yung,  1999;  Colombo  et  al. ,  2002;  Brady  et  al. , 
2004;  Gao  et  al .,  2005;  Yu  et  al .,  2006).  Consequently, 
NPM  has  been  described  as  a  key  player  in  a  number  of 
cellular  processes,  such  as  the  genotoxic  stress  response, 
ribosome  biogenesis  and  centrosome  duplication  (Spec- 
tor  et  al .,  1984;  Okuda,  2002;  Yang  et  al.,  2002;  Maggi 
et  al.,  2008).  Although  a  proteomic  analysis  of  isolated 
centrosomes  failed  to  corroborate  previous  reports  of 
NPM’s  direct  association  with  the  centrosome,  several 
studies  in  cell  culture  systems  and  mouse  models  have 
indicated  that  NPM  is  a  critical  regulator  of  genomic 
stability  and  centrosome  duplication,  be  it  through  a 
direct  or  indirect  mechanism  (Tokuyama  et  al.,  2001; 
Grisendi  et  al.,  2005). 

To  ensure  the  transmission  of  an  intact,  diploid 
genome  from  one  generation  to  the  next,  mitotic  cells 
must  temporally  coordinate  the  processes  of  centrosome 
duplication,  DNA  replication  and  cell  cycle  progression 
(Winey,  1999).  Fibroblasts  derived  from  Npml~'~ 
embryos  rapidly  display  centrosomal  amplification  and 
chromosomal  instability  in  the  culture,  leading  to 
activation  of  p53,  induction  of  p21-mediated  growth 
arrest  and  premature  expression  of  senescence  markers 
(Grisendi  et  al.,  2005).  Previous  studies  have  shown  that 
human  NPM  was  bound  to  single,  unreplicated  centro¬ 
somes  in  late  Gi  and  underwent  phosphorylation  by 
cyclin  E-cyclin-dependent  kinase  2  (cdk2)  at  threonine 
199  (Thr199;  Thr198  in  murine  NPM),  prompting  NPM’s 
dissociation  from  the  centrosome  and  its  subsequent 
duplication  (Okuda  et  al.,  2000;  Tokuyama  et  al.,  2001). 
Other  groups  have  observed  NPM’s  interaction  with 
duplicated  centrosomes  in  mitotic  cells  (Zatsepina  et  al., 
1999),  yet  independent  groups  failed  to  detect  NPM  in 
preparations  of  purified  centrosomes  (Andersen  et  al., 
2003;  Cha  et  al.,  2004).  Consequently,  NPM’s  physical 
association  with  the  centrosome  and  its  purported  role 
as  a  direct  catalyst  of  centrosome  duplication  continue 
to  be  subjects  of  discussion  and  debate  in  the  field. 

In  addition  to  NPM’s  phosphorylation  by  cyclin 
E-cdk2,  its  nuclear  export  by  the  Ran-Crml  complex 
has  also  been  implicated  in  NPM’s  induction  of 
centrosome  duplication.  Overexpression  of  NPM  nucle¬ 
ar  export  signal  mutants  or  treatment  with  leptomycin 
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B,  an  inhibitor  of  Crml-mediated  nuclear  export, 
effectively  impedes  NPM  export,  resulting  in  NPM’s 
accumulation  in  the  nucleus  and  its  dissociation  from 
the  centrosome  (Shinmura  et  al .,  2005;  Wang  et  al ., 
2005).  In  addition,  human  cells  treated  with  leptomycin 
B  or  small  interfering  RNAs  (siRNAs)  targeting  NPM 
display  centrosome  amplification,  indicating  that  Crml- 
mediated  NPM  nuclear  export  suppresses  repeated 
centrosome  duplication  cycles,  presumably  through 
NPM’s  observed  localization  to  the  centrosome  (Shin¬ 
mura  et  al .,  2005;  Wang  et  al .,  2005).  Using  similar 
methods  in  primary  mouse  embryonic  fibroblasts 
(MEFs),  we  have  previously  demonstrated  that  NPM 
expression  and  nucleocytoplasmic  shuttling  are 
required  for  cell  cycle  progression  (Brady  et  al .,  2004; 
Yu  et  al .,  2006).  The  integration  of  our  findings  with 
previously  published  reports  (Tokuyama  et  al .,  2001; 
Shinmura  et  al .,  2005;  Wang  et  al .,  2005)  suggests  that 
NPM  may  use  its  robust  expression,  nuclear  export  and 
phosphorylation  at  Thr198  to  temporally  coordinate 
the  processes  of  centrosome  duplication  and  cellular 
proliferation. 

To  date,  phosphorylation  of  NPM-Thr198  has  not 
definitively  been  shown  to  be  essential  for  cell  growth 
and  proliferation.  Nonetheless,  centrosomes  and  their 
duplication  are  believed  to  play  a  crucial  role  in  cell 
cycle  progression,  although  recent  studies  have  chal¬ 
lenged  this  view  (Hinchcliffe  et  al .,  2001;  Khodjakov  and 
Rieder,  2001;  Uetake  et  al.,  2007).  Recalling  that  an 
alanine  substitution  mutant  (T199A)  of  human  NPM 
failed  to  dissociate  from  the  centrosome  and  initiate 
duplication  (Tokuyama  et  al.,  2001),  we  reasoned  that 
parallel  mutation  of  Thr198  in  the  murine  NPM  ortholog 
would  severely  compromise  the  proliferation  of  primary 
MEFs.  Also,  given  our  previous  finding  that  the  ARF 
tumor  suppressor  effectively  blocked  NPM  nuclear 
export  (Brady  et  al.,  2004),  a  critical  factor  in  NPM’s 
promotion  of  centrosome  duplication  and  cellular 
proliferation,  we  hypothesized  that  ARF  might  also 
inhibit  NPM-Thr198  phosphorylation.  Here,  we  report 
that  ARF  cannot  attenuate  the  phosphorylation  of 
NPM.  Moreover,  we  demonstrate  that  NPM  expression 
levels,  and  not  Thr198  phosphorylation,  define  the  cell’s 
capacity  to  synthesize  and  export  ribosomes,  progress 
through  the  cell  cycle  and  proliferate. 


Results 

NPM  is  pro-growth  in  the  absence  of  Arf  and  a  potent 
transforming  oncogene  in  the  absence  of  p53 
To  further  investigate  NPM’s  contribution  to  cell 
proliferation  and  transformation,  the  impact  of  NPM 
overexpression  in  immortal  Arf~'~  or  p53~  ~  MEFs  was 
tested.  Similar  to  transduction  with  oncogenic  RasV12, 
exogenous  expression  of  NPM  induced  a  significant 
increase  in  Arf~'~  cell  size,  as  evidenced  by  flow 
cytometric  measurements  of  forward  and  side  scatter 
(Figure  la).  In  agreement  with  previous  findings  in 
immortalized  rodent  cells  (Kondo  et  al.,  1997),  over¬ 


expression  of  NPM  significantly  increased  the  size  of 
/>5J_/_-transformed  cell  colonies  that  grew  in  soft  agar, 
although  not  to  the  extent  of  Rasvl2  (Figure  lb). 

To  further  address  the  putative  role  of  NPM  in 
promoting  cell  proliferation  and  transformation,  60 
tissue  samples  from  breast,  prostate  and  colon  carcino¬ 
mas,  were  analyzed  using  NPM  immunohistochemistry. 
Approximately  10-18%  of  Ki-67-positive  tumor  sam¬ 
ples  exhibited  negative  staining  for  NPM  (Figure  lc,  top 
panels),  indicating  that  a  subset  of  highly  proliferative 
tumors  does  not  upregulate  NPM  expression  to  drive 
proliferation.  However,  the  remaining  82-90%  of  Ki-67- 
positive  tumors  did  show  positive  staining  for  NPM, 
and  nearly  50%  of  these  samples  displayed  a  strong 
nuclear/nucleolar  NPM  expression  pattern,  regardless 
of  tumor  type  (Figure  lc,  bottom  panels). 

Arf~h  MEFs,  although  immortal,  remain  diploid 
(Kamijo  et  al.,  1997)  and  retain  normal  numbers  of 
centrosomes  when  passaged  in  culture  (Figure  Id,  right 
panels).  Genetic  ablation  of  Npml  results  in  centrosome 
amplification  and  genomic  instability  in  MEFs  (Grisen- 
di  et  al.,  2005),  suggesting  that  NPM  plays  a  critical 
regulatory  role  maintaining  proper  centrosome  duplica¬ 
tion.  Given  this  and  other  corroborating  reports  (Okuda 
et  al.,  2000;  Tokuyama  et  al.,  2001;  Wang  et  al.,  2005), 
the  influence  of  exogenous  NPM  expression  on  the 
ploidy  and  centrosome  amplification  in  Arf~'~  MEFs 
was  examined.  As  shown  in  Figure  Id,  NPM  over¬ 
expression  did  not  impact  the  overall  chromosome 
number  in  Arf~'~  MEFs,  nor  did  it  alter  the  number  of 
centrosomes  in  these  cells.  Taken  together,  these 
findings  demonstrate  that  the  pro-growth  and  trans¬ 
forming  properties  of  NPM  are  not  coupled  to  the 
regulation  of  DNA  ploidy  changes  or  centrosome 
number. 


Cell  cycle  position  or  ARF  induction  does  not  alter 
phosphorylation  of  NPM-Thr198 

In  response  to  hyper-proliferative  cues,  such  as  onco¬ 
genic  signals  emanating  from  Myc,  El  A  and  Ras,  ARF 
is  induced,  and  antagonizes  Mdm2,  to  promote  p53- 
dependent  pathways  of  growth  arrest  (Sherr  and  Weber, 
2000).  We  have  previously  shown  that  ARF  uses  a 
common  domain  at  its  N  terminus  to  bind  both  Mdm2 
and  NPM,  resulting  in  the  nucleolar  sequestration  of 
each  protein  independent  of  the  other  (Brady  et  al., 
2004).  ARF  not  only  delocalizes  Mdm2  to  the  nucleolus, 
away  from  active  pools  of  nucleoplasmic  p53,  but  also 
impairs  Mdm2’s  E3  ubiquitin  ligase  activity,  thereby 
negatively  regulating  Mdm2  through  two  distinct 
mechanisms  (Honda  and  Yasuda,  1999;  Tao  and 
Levine,  1999;  Weber  et  al.,  1999).  Thus,  ARF  might 
employ  a  similar  two-pronged  approach  attenuating 
NPM’s  growth-promoting  functions.  As  phosphoryla¬ 
tion  of  human  NPM  by  cyclin  E-cdk2  was  reported  to 
be  essential  for  the  initiation  of  centrosome  duplication 
in  late  Gi  (Tokuyama  et  al.,  2001),  we  considered  that 
ARF  might  inhibit  NPM  phosphorylation  in  addition  to 
retaining  it  in  the  nucleolus  to  arrest  cell  growth  before 
S-phase  entry  (Weber  et  al.,  2000). 
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Figure  1  Nucleophosmin  (NPM)  drives  oncogenic  growth  and  proliferation,  (a)  Arf~h  mouse  embryonic  fibroblasts  (MEFs)  infected  with 
retroviruses  encoding  the  control  vector,  His-tagged  NPM  or  H-RasV12,  were  fixed  and  subjected  to  forward  and  side  scatter  analysis  by  flow 
cytometry.  The  upper  right  quadrant  represents  the  cell  population  showing  increased  size,  (b)  p53~'~  MEFs  infected  with  retroviruses  encoding 
the  control  vectors,  H-RasV12,  His-NPM  and  His-NPM  T198A,  were  seeded  (3  x  103)  in  quadruplicate  wells  of  a  24- well  plate  in  media  containing 
soft  agar  and  were  assessed  for  colony  formation  14  days  later,  (c)  Primary  human  breast,  prostate  and  colon  carcinoma  tissue  microarrays  were 
obtained  and  immunohistochemically  stained  for  NPM  protein  expression.  Representative  samples  displaying  negative  staining  for  NPM  are 
shown  in  the  top  panels  and  those  exhibiting  strong  positive  staining  for  NPM  are  shown  in  the  bottom  panels.  The  percentage  of  analyzed 
tumors  showing  positive  NPM  protein  expression  for  each  carcinoma  type  is  indicated  in  the  insets,  (d)  Arf~h  MEFs  were  infected  with 
retroviruses  encoding  the  control  vector  or  His-tagged  NPM  for  72  h,  and  were  treated  with  colcemid,  harvested  and  fixed  for  preparation  and 
visualization  of  chromosomes  with  DAPI  (4’,6-diamidino-2-phenylindole)  (representative  of  75  metaphase  spreads  counted,  upper  left).  Cells 
infected  in  parallel  were  fixed  and  immunofluorescently  stained  with  antibodies  recognizing  y-tubulin  to  label  centrosomes,  and  nuclei  were 
demarcated  with  DAPI  (upper  right).  For  each  condition,  centrosomes  from  over  200  cells  were  counted  in  three  separate  experiments  (n  =  3)  and 
results  graphed  (plot,  lower  right).  Exogenous  His-tagged  NPM  protein  expression  was  confirmed  by  western  blot  analysis  (lower  left). 
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Alignment  of  human  and  mouse  NPM  amino  acid 
sequences  revealed  94%  identity  and  97%  similarity.  As 
shown  in  Figure  2a  (lower  panel),  Thr199  in  human  NPM 
corresponds  to  Thr198  in  murine  NPM.  A  polyclonal 
antibody  raised  against  a  phosphopeptide  surrounding 
Thr198  in  murine  NPM  was  generated  to  specifically 
detect  phospohoThr198  in  NPM  (Figure  2a,  underlined 
sequence).  The  phosphospecific  NPM-Thr198  antibody 
(NPM-pT198)  reacted  with  a  protein  band  migrating  at 
approximately  38  kDa  in  whole  cell  lysates  from 
asynchronously  growing  triple  knockout  (TKO)  MEFs 
( Arf~/~p53~,~Mdm2~/~ )  (Figure  2a,  lane  1),  but  failed  to 
detect  the  corresponding  band  in  lysates  from  contact- 
inhibited  TKO  MEFs  (Figure  2a,  lane  2)  or  in  purified 
recombinant  NPM  proteins  expressed  in  Escherichia  coli 
(Figure  2a,  lane  3).  Re-probing  of  this  membrane  with  a 
monoclonal  antibody  recognizing  NPM  showed  that  a 
38  kDa  protein  band  was  present  in  all  three  lanes, 
indicating  that  the  polyclonal  antibody  reacts  specifi¬ 
cally  with  NPM  phospho-Thr198  proteins,  but  does  not 
cross-react  with  non-phosphorylated  NPM.  In  addition, 
TKO  MEFs  infected  with  siRNAs  targeting  the  3'-UTR 
of  endogenous  NPM  were  used  to  show  specificity  of 
the  antibody  to  Thr198.  Phosphorylation  of  Thr198  was 
reduced  at  a  level  consistent  with  reduction  in  total 
NPM  protein  after  siNPM  infection  (Figure  2a,  right 
panel).  Rescue  of  NPM  knockdown  with  an  ectopic 
RNA  interference-resistant  NPM-GFP  (green  fluores¬ 
cent  protein)  protein  resulted  in  a  restoration  of  NPM 
phosphorylation  at  Thr198  (Figure  2a,  right  panel,  lane  3 
arrow),  whereas  rescue  with  an  NPM  T198A-GFP 
mutant  resulted  in  a  non-observable  phosphorylation 
with  the  phospho-T198  antibody  (Figure  2a,  right  panel, 
lane  4).  This  demonstrates  that  our  NPM  phospho-T198 
antibody  is  specific  for  Thr198. 

To  determine  whether  or  not  phosphorylation  of 
murine  NPM-Thr198  is  a  cyclin  E-cdk2- specific  event 
within  the  context  of  cell  cycle  progression,  TKO  MEFs 
were  serum-starved  and  synchronized  in  G0,  evidenced 
by  the  cells’  low  expression  levels  of  cyclin  D1  protein 


(Figure  2b,  lane  2).  After  release  into  serum,  phospho- 
Thr198  NPM  expression  increased,  achieving  maximal 
levels  at  24-h  post-serum  addition  (Figure  2b).  Notably, 
the  observed  increase  in  phospho-Thr198  NPM  levels 
coincided  with  the  increased  expression  of  total  NPM 
protein  (Figure  2b).  Quantitative  comparison  of  protein 
band  intensities  confirmed  that  phospho-Thr198  NPM 
protein  levels  increased  in  parallel  with  total  NPM 
protein  expression.  Given  that  cyclin  D1  protein 
expression  levels  were  maximal  at  approximately  8h 
after  the  cells’  release  into  serum,  yet  abundant  levels  of 
phospho-T198  NPM  were  already  evident  by  4-h  post¬ 
stimulation,  this  result  suggests  that  cyclin  E-cdk2  is  not 
the  sole  kinase  which  phosphorylates  NPM-Thr198 
within  the  cell  (Figure  2b).  These  data  instead  indicate 
that  NPM-Thr198  seems  to  be  constitutively  phosphory- 
lated  throughout  the  cell  cycle  rising  only  when  overall 
protein  levels  of  NPM  increase,  and  likely  undergoes 
phosphorylation  at  Thr198  by  one  or  more  kinases,  with 
overall  NPM  abundance  being  the  limiting  substrate.  To 
further  explore  this  possibility,  cells  were  growth 
arrested  at  various  points  of  the  cell  cycle.  Aphidico- 
lin-induced  Gl/S-phase  arrest  did  not  alter  phospho- 
T198  compared  with  dimethyl  sulfoxide  controls 
(Figure  2c,  lane  2).  We  did  observe  a  modest  increase 
in  Thr198  phosphorylation  (1.4-fold)  with  nocodazole 
treatment,  consistent  with  an  overall  increase  in  NPM 
abundance  (Figure  2b).  Inhibition  of  cdk2  with  roscov- 
itine  resulted  in  no  change  in  Thr198  phosphorylation 
(Figure  2c,  lane  4),  suggesting  that  kinases  other  than 
cdk2  are  quite  capable  of  phosphorylating  this  residue 
throughout  the  cell  cycle. 

Given  that  ARF’s  interaction  with  NPM  represents 
one  of  its  p53-independent  functions,  ARF’s  impact  on 
NPM-Thr198  phosphorylation  in  TKO  MEFs  was 
examined.  Retroviral-mediated  transduction  of  pl9ARF 
into  TKO  MEFs  failed  to  produce  an  appreciable 
change  in  phospho-Thr198  NPM  protein  levels 
(Figure  2d,  lanes  1  and  3).  TKO  MEFs  that  were 
transduced  to  express  pi9ARFA1-14?  a  mutant  lacking  the 


Figure  2  Characterization  of  murine  nucleophosmin-threonine  198  (NPM-Thr198)  phosphorylation,  (a)  Whole  cell  lysates  from 
actively  cycling  (lane  1)  and  contact-inhibited  (lane  2)  triple  knockout  mouse  embryonic  fibroblasts  (TKO  MEFs),  and  purified 
recombinant  murine  NPM  proteins  (lane  3)  were  equally  loaded  and  separated  on  denaturing  polyacrylamide  gels,  followed  by  western 
blot  analysis  with  antibodies  recognizing  total  NPM  or  phospho-Thr198  NPM  (NPM-pT198).  Shown  is  the  amino  acid  alignment  for 
the  cyclin-dependent  kinase  (cdk)  target  region  of  human  (upper  sequence)  and  murine  (lower  sequence)  NPM,  with  a  line  denoting  the 
phosphopeptide  that  was  used  to  generate  the  custom  phosphospecific  NPM-Thr198  antibody.  TKO  MEFs  were  infected  with 
lentiviruses  encoding  siLuc,  siNPM  or  siNPM  +  NPM-GFP  (green  fluorescent  protein),  or  siNPM  +  NPM  T198A-GFP  and  harvested 
48-h  post-infection  for  western  blot  analysis  using  antibodies  recognizing  phospho-NPM  T198,  NPM  or  GFP.  The  arrow  points  to  the 
shifted  form  of  NPM-pT198-GFP.  (b)  Low-passage  (p4)  TKO  MEFs  were  synchronized  into  quiescence  by  culturing  in  medium 
containing  0.1%  serum  for  48  h.  Cells  were  released  into  medium  containing  10%  serum  and  harvested  at  the  indicated  time  points. 
Whole  cell  lysates  were  separated  by  sodium  dodecyl  sulfate  polyacrylamide  gel  electrophoresis  (SDS-PAGE),  and  protein  expression 
levels  for  cyclin  Dl,  cyclin  Bl,  NPM  and  NPM-pT198  were  determined  by  immunoblotting  with  the  appropriate  antibodies;  y-tubulin 
was  included  as  a  control  for  equal  protein  loading.  Levels  of  NPM  and  NPM-pT198  were  quantified  by  densitometry  and  graphed  as 
percent  of  asynchronous  levels.  Data  are  representative  of  three  independent  experiments  ( n  =  3).  (c)  TKO  MEFs  were  treated  for  24  h 
with  aphidicolin  (1  pg/ml),  nocodazole  (1  pg/mol/1)  or  roscovitine  (10  pg/mol/1),  and  harvested  for  western  blot  analysis  using 
antibodies  recognizing  NPM,  cyclin  Bl,  y-tubulin  and  phospho-NPM  T198.  Fold  change  indicates  levels  of  phospho-NPM  to  total 
NPM  after  normalization  to  y-tubulin.  (d)  TKO  MEFs  were  infected  with  retroviruses  encoding  the  SRa-MSV-tkneo  vector,  full- 
length  pl9ARF  or  a  pi9ARFA1-14  mutant,  which  lacks  the  NPM-binding  domain.  Cells  were  harvested  and  lysed  at  4  days  post- viral 
transduction,  and  protein  lysates  were  separated  by  SDS-PAGE.  Expression  levels  of  ectopic  ARF  and  endogenous  NPM  proteins 
were  assessed  by  western  blot  analysis  with  the  indicated  antibodies,  and  equal  protein  loading  was  confirmed  by  immunoblotting  for 
y-tubulin. 
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NPM-binding  domain  (Brady  et  al.,  2004),  showed  a 
very  subtle  increase  in  phospho-Thr198  NPM  levels 
(Figure  2d,  lane  2).  In  combination  with  the  earlier 
result  showing  that  NPM-Thr198  is  constitutively  phos- 


3213 


phorylated,  these  data  indicate  that  this  particular  NPM 
phosphorylation  site  is  not  subject  to  either  positive 
(that  is,  cdk-mediated)  or  negative  (that  is,  ARF- 
directed)  regulation  throughout  the  cell  cycle,  but  is 
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instead  constantly  being  phosphorylated  as  total  levels 
of  NPM  rise  in  the  cell. 


Mutation  of  NPM-Thr198  does  not  impair  its 
oligomerization  or  nucleo cytoplasmic  shuttling 
Although  this  current  study  demonstrates  that  ARF 
induction  does  not  influence  NPM-Thr198  phosphoryla¬ 
tion  (Figure  2c),  our  previously  published  findings  have 
shown  that  ARF  effectively  blocks  NPM  nucleocyto- 
plasmic  shuttling,  a  critical  function  of  NPM  that  is 
essential  for  cellular  growth  and  proliferation  (Brady 
et  al .,  2004;  Yu  et  al .,  2006).  Thus,  the  requirement  of 
phosphorylation  of  Thr198  for  NPM’s  nucleocytoplasmic 
shuttling  was  examined  using  a  non-phosphorylatable 
alanine  substitution  mutant,  T198A. 


Given  NPM’s  well-documented  capacity  to  form 
homo-oligomers  (Liu  and  Chan,  1991;  Yung  and  Chan, 
1987;  Namboodiri  et  al .,  2004),  the  ability  of  ectopically- 
expressed  T198A  to  hetero-oligomerize  with  endogen¬ 
ous  NPM  was  examined.  We  have  previously  shown 
that  NPM  functional  mutants  often  form  hetero¬ 
oligomers  with  wild-type  NPM  and  act  as  dominant¬ 
negative  NPM  molecules,  inhibiting  the  function  of 
wild- type  NPM  (Yu  et  al .,  2006).  Immunoprecipitation 
of  retrovirally  transduced  His-tagged  wild-type  NPM  or 
mutant  T198A  proteins  from  TKO  MEFs,  followed  by 
NPM  western  blot  analysis  revealed  that  T198A  formed 
complexes  with  endogenous  NPM  proteins,  similar  to 
ectopic  wild-type  NPM  (Figure  3a).  If  NPM-T198A 
mutants  were  non-functional,  we  expected  that  they 
would  act  as  dominant-negative  mutants,  preventing  the 
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Figure  3  A  non-phosphorylatable  T198A  nucleophosmin  (NPM)  mutant  is  not  a  dominant-negative  mutant  and  displays  normal 
nucleocytoplasmic  shuttling,  (a)  Triple  knockout  mouse  embryonic  fibroblasts  (TKO  MEFs)  were  transduced  with  SRa-MSV-tkneo 
retroviruses  encoding  the  control  vector  or  His-tagged  NPM  proteins  (wild  type  or  T198A  mutant,  as  indicated).  Cells  were  harvested 
at  4  days  post-infection,  and  protein  complexes  were  immunoprecipitated  on  agarose  beads  using  non-immune  mouse  serum  (NMS)  or 
an  antibody  recognizing  the  His  tag.  Washed  beads  were  boiled  in  sample  buffer,  and  proteins  were  separated  by  sodium  dodecyl 
sulfate  polyacrylamide  gel  electrophoresis  (SDS-PAGE)  and  transferred  to  polyvinylidene  fluoride  membranes.  Expression  of 
endogenous  NPM  (lower  band),  and  ectopic  His-tagged  wild  type  or  T198A-mutant  NPM  (upper  band)  proteins  was  visualized  using 
an  antibody  against  NPM.  (b)  NIH  3T3  cells  were  seeded  onto  HeLa  cells  that  had  been  cotransfected  with  a  plasmid  encoding  a  Myc- 
tagged  NPC-M9-positive  shuttling  control  and  a  His-tagged  plasmid  encoding  either  wild  type  or  T198A-mutant  NPM.  Heterokaryon 
assays  were  carried  out  as  described  in  the  Materials  and  methods,  and  expression  of  NPC-M9,  and  either  wild  type  or  T198A-mutant 
NPM  was  visualized  using  antibodies  recognizing  the  Myc  epitope  (green)  and  His  tag  (red),  respectively;  nuclei  were  demarcated  with 
DAPI  (4’,6-diamidino-2-phenylindole).  Human  and  mouse  nuclei  are  labeled  h  and  m,  respectively,  and  mouse  cells  are  circled  in 
white.  Shuttling  efficiency  numbers  are  provided  for  a  total  of  three  independent  experiments. 
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function  of  endogenous  wild-type  NPM.  Heterokaryon 
shuttling  assays  using  constructs  encoding  either  wild- 
type  NPM  or  mutant  T198A  were  then  performed  to 
answer  this  biological  question.  This  experimental 
system  assesses  NPM’s  capacity  to  shuttle  between  the 
nucleus  and  cytoplasm,  a  property  that  defines  NPM’s 
role  in  promoting  cell  growth  and  proliferation  (Yu 
et  al .,  2006;  Maggi  et  al.,  2008),  demonstrated 
by  the  transit  of  the  visibly-tagged  protein  of 
interest  from  a  transfected  human  donor  cell  into  an 
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untransfected  murine  recipient  cell  (Tao  and 
Levine,  1999;  Yu  et  al.,  2006).  Similar  to  wild-type 
NPM  (24/24,  100%  shuttling),  mutant  NPM-T198A 
shuttled  from  the  nuclei/nucleoli  of  transiently  trans¬ 
fected  human  HeLa  cells  into  the  nuclei/nucleoli  of 
fused,  untransfected  mouse  NIH3T3  cells,  demonstrat¬ 
ing  that  NPM’s  nucleocytoplasmic  shuttling  is  not 
dependent  on  its  phosphorylation  at  Thr198  and  is 
not  inhibited  by  mutant  NPM-T198A  molecules 
(Figure  3b). 
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Figure  4  Nucleophosmin-threonine  198  (NPM-Thr198)  phosphorylation  is  dispensable  for  centrosome  duplication,  rRNA  synthesis 
and  ribosome  export,  (a)  Triple  knockout  mouse  embryonic  fibroblasts  (TKO  MEFs)  were  infected  with  green  fluorescent  protein 
(GFP)-tagged  lentiviruses  encoding  short  hairpin  RNAs  directed  against  luciferase  (siLuc)  or  NPM  (siNPM),  as  well  siNPM 
lentiviruses  encoding  siRNA-resistant  NPM  wild  type  or  T198A-mutant  cDNAs  (siNPM  +  6NPM  and  siNPM  +  T198A,  respectively). 
Cells  were  selected  in  puromycin  for  2  days,  and  at  48-h  post-selection,  whole  cell  lysates  were  harvested,  separated  on  sodium  dodecyl 
sulfate  polyacrylamide  gel  electrophoresis  (SDS-PAGE)  and  immunoblotted  with  an  antibody  recognizing  NPM  to  verify  protein 
knockdown  and  ectopic  expression  of  wild  type  and  T198A-mutant  NPM-GFP  fusion  proteins  (38kDa  endogenous  protein  and 
~64kDa  NPM-GFP  fusion  protein);  equal  protein  loading  was  confirmed  by  western  blot  analysis  for  y-tubulin.  (b)  TKO  MEFs 
infected  with  the  indicated  lentiviruses  were  re-plated  onto  glass  coverslips,  and  at  96-h  post-selection,  were  fixed  and  stained  with  an 
antibody  recognizing  y-tubulin  to  permit  visualization  and  quantitation  of  centrosome  number  per  cell.  Shown  is  the  overlay  of 
pFLRu-siNPM-NPM-GFP  or  pFLRu-siNPM-T198A-GFP  expression  (green),  y- tubulin-marked  centrosomes  (red)  and  nuclei 
marked  with  DAPI  (4’,6-diamidino-2-phenylindole)  (blue).  For  each  condition,  200  cells  were  counted  in  three  separate  experiments, 
and  the  results  from  a  representative  experiment  are  shown  in  the  bar  graph,  (c)  At  48-h  post-selection  for  expression  of  the  indicated 
lentiviruses,  cytosolic  extracts  from  3  x  106  TKO  MEFs  per  condition  were  isolated  and  separated  over  a  7-47%  sucrose  gradient. 
Gradients  were  fractionated  and  ribosomal  subunits  were  detected  by  measuring  RNA  absorbance  at  254  nm. 
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NPM  knockdown  impairs  ribosome  biogenesis  and 
centrosome  duplication,  but  is  rescued  by  mutant 
NPM-T198A 

The  T198A  mutant’s  ability  to  hetero-oligomerize  with 
endogenous  NPM  and  shuttle  to  the  cytoplasm  could 
potentially  mask  this  mutant’s  true  phenotype.  More 
specifically,  the  T198A  mutant  does  not  display 
dominant-negative  behavior  within  the  cell,  unlike  our 
previously  described  NPMdL  mutant,  which  blocks 
NPMdL-NPM  hetero-oligomers  from  shuttling  (Yu 
et  al.,  2006).  To  address  this  possibility,  an  NPM 
knockdown-rescue  lentiviral  construct  was  engineered 
encoding  both  a  short  hairpin  RNA  targeting  the  3'- 
UTR  of  murine  NPM  (siNPM)  and  an  siRNA-resistant 
cDNA  corresponding  to  either  wild  type 
(siNPM  +  NPM-GFP)  or  mutant  (siNPM  +  T198A- 
GFP)  murine  NPM.  This  strategy  allowed  the  simulta¬ 
neous  reduction  of  endogenous  NPM  protein  levels  and 
ectopic  expression  of  GFP-tagged  NPM  rescue  proteins 
with  high  efficiency  in  TKO  MEFs,  as  confirmed  by 
NPM  western  blot  analysis  (Figure  4a). 

Knockdown  of  endogenous  NPM  in  TKO  MEFs 
resulted  in  an  increase  in  the  number  of  cells  containing 
a  single  centrosome  and  a  concomitant  decrease  in  the 
number  of  cells  exhibiting  two  centrosomes  (Figure  4b, 
black  bars).  A  slight,  but  reproducible,  increase  in  the 
number  of  cells  displaying  more  than  two  centrosomes 
was  observed,  which  is  consistent  with  another  group’s 
findings  in  Npml~'~  MEFs  (Figure  4b,  black  bars) 
(Grisendi  et  al.,  2005).  Ectopic  expression  of  wild-type 
NPM  and  T198A  reversed  some  of  the  centrosome 
defects  observed  upon  NPM  loss  (cells  with  two 
centrosomes),  but  neither  was  capable  of  limiting  cells 
with  centrosome  numbers  greater  than  two  (Figure  4b, 
gray  and  hatched  bars).  In  addition,  colocalization  of 
ectopic  wild  type  or  T198A  NPM  with  centrosomes  was 
not  observed,  although  cells  displaying  NPM-GFP- 
positive  nucleoli  adjacent  to  tubulin-positive  centro¬ 
somes  were  observed  (Figure  4b,  arrows). 

We  have  previously  shown  that  NPM  nucleocytoplas- 
mic  shuttling  is  essential  for  nuclear  export  and  for  the 
formation  of  cytosolic  ribosomes  (Yu  et  al.,  2006;  Maggi 
et  al.,  2008).  Having  confirmed  that  the  T198A  mutant 
efficiently  shuttles  from  the  nucleolus/nucleus  to  the 
cytoplasm  (Figure  3b),  we  next  aimed  to  determine 
whether  NPM-Thr198  phosphorylation  is  necessary  for 


NPM’s  established  role  in  the  assembly  and  transport  of 
translationally  competent  ribosomes.  We  observed  that 
knockdown  of  NPM  in  TKO  MEFs  produced  a  striking 
reduction  in  the  populations  of  40S,  60S  and  80S  cytosolic 
ribosomal  subunits,  as  well  as  a  significant  attenuation  in 
the  levels  of  actively  translating  polysomes  (Figure  4c). 
Importantly,  expression  of  either  wild-type  NPM  or  the 
T198A  mutant  was  sufficient  to  rescue  the  siNPM- 
induced  ribosomal  defect,  restoring  all  cytosolic  ribosomal 
populations  to  levels  present  in  control  siLuc-infected  cells 
(Figure  4c).  Consistent  with  our  findings  from  nuclear 
export  assays,  this  result  demonstrates  that  NPM  plays  a 
critical  role  in  ribosome  biogenesis  that  is  not  dependent 
on  its  phosphorylation  at  Thr198. 

Cell  proliferation  is  dependent  on  NPM  expression  levels, 
but  not  its  phosphorylation  at  Thr198 
A  previous  study  has  suggested  that  phosphorylation  of 
human  NPM  at  Thr199  is  necessary  for  proper  S-phase 
entry  and  cellular  proliferation  (Tokuyama  et  al.,  2001). 
Given  that  the  T198A  mutant  was  fully  competent  in 
executing  NPM’s  described  roles  in  shuttling,  centro¬ 
some  duplication  and  ribosome  biogenesis  (Figures  3 
and  4),  the  influence  of  the  T198A  mutant  on  cellular 
proliferation  was  examined.  Stable  knockdown  of 
endogenous  NPM  in  TKO  MEFs  severely  compromised 
the  cells’  ability  to  enter  S-phase,  as  evidenced  by 
decreased  cyclin  A  expression  (Figure  5a)  and  bromo- 
deoxyuridine  (BrdU)  incorporation  into  replicating 
DNA  (Figure  5c).  Ectopic  expression  of  either  wild- 
type  NPM  or  T198A-mutant  siRNA-resistant  proteins 
was  sufficient  to  fully  rescue  incorporation  of  BrdU  into 
the  DNA  of  NPM  knockdown  cells  (Figure  5c).  In 
addition,  knockdown  of  NPM  in  diploid  Arf_/_  MEFs 
resulted  in  a  substantial  increase  in  G1  cells  (Figure  5b), 
suggesting  that  loss  of  NPM  imposes  a  block  before 
S-phase  entry.  To  further  investigate  the  potential  long¬ 
term  effects  of  NPM  loss  on  cell  proliferation,  foci 
formation  assays  were  conducted  in  parallel.  Stable 
knockdown  of  NPM  significantly  inhibited  foci  forma¬ 
tion  by  TKO  MEFs,  a  proliferative  defect  that  was  fully 
reversed  upon  rescue  with  either  wild-type  NPM  or 
T198A-mutant  siRNA-resistant  proteins  (Figure  5d). 
Thus,  these  data  demonstrate  that  phosphorylation  of 
NPM  on  Thr198  is  dispensable  for  cell  cycle  progression 


Figure  5  Nucleophosmin  (NPM)  expression,  but  not  threonine  198  (Thr198)  phosphorylation,  is  essential  for  cell  cycle  progression  and 
cell  proliferation,  (a)  Triple  knockout  mouse  embryonic  fibroblasts  (TKO  MEFs)  infected  with  lentiviruses  encoding  siLuc  or  siNPM 
expression  constructs  were  harvested  48-h  post-infection  for  western  blot  analysis  using  antibodies  recognizing  NPM,  cyclin  Dl,  cyclin 
E,  cyclin  A,  cyclin  B1  and  y-tubulin.  (b)  Arf~'~  MEFs  infected  with  lentiviruses  encoding  siLuc  or  siNPM  expression  constructs  were 
harvested  48-h  post-infection,  fixed,  stained  with  propidium  iodide  and  analyzed  by  flow  cytometry.  Cell  cycle  analysis  was  performed 
using  FACSCalibur  software  and  plotted  (lower  right  panel).  Cell  lysates  were  harvested  from  duplicate  plates  for  western  blot  analysis 
using  antibodies  recognizing  NPM,  phospho-NPM  T198  and  y-tubulin.  (c)  TKO  MEFs  were  infected  with  siNPM  lentiviruses 
encoding  siRNA-resistant  NPM  wild  type  or  T198A-mutant  cDNAs  and  at  96-h  post-selection,  were  re-plated  onto  glass  coverslips, 
allowed  to  adhere  and  pulsed  with  lOjimol/1  bromodeoxyuridine  (BrdU).  At  20  h  after  BrdU  addition,  cells  were  fixed,  stained  and 
quantitated  for  incorporation  of  BrdU.  For  each  condition,  200  cells  were  counted  in  three  separate  experiments,  and  results  from  a 
representative  experiment  were  plotted  (left  panel).  Shown  are  the  relative  patterns  for  BrdU  uptake  (red)  and  NPM-GFP  or  T198A- 
GFP  rescue  expression  (green)  for  a  given  field  of  cells  for  each  condition;  cell  nuclei  are  demarcated  by  DAPI  (4’,6-diamidino-2- 
phenylindole)  (right  panel),  (d)  TKO  MEFs  infected  and  selected  as  in  (a)  were  re-plated  in  duplicates  at  a  density  of  3  x  102  per 
100  mm  dish.  Fresh  media  was  replenished  every  fourth  day  for  a  period  of  12  days,  at  which  time  cells  were  fixed  in  methanol,  stained 
with  Giemsa  and  counted. 
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and  cellular  proliferation,  whereas  adequate  NPM 
protein  expression  is  essential. 


Discussion 

A  multifunctional  and  dynamic  nucleolar  phosphopro- 
tein,  NPM,  has  been  described  as  a  critical  mediator  and 
regulator  of  numerous  processes  within  the  cell,  includ¬ 
ing  protein  chaperoning,  ribosome  biogenesis,  centro- 
some  duplication  and  genomic  stability  (Okuwaki  et  al ., 
2001;  Okuda,  2002;  Okuwaki  et  al .,  2002;  Colombo 
et  al .,  2005;  Maggi  et  al .,  2008).  Given  this  list  of 
disparate,  but  basic,  cellular  functions  that  require 
NPM,  it  is  not  surprising  that  NPM  also  plays  essential 
roles  in  embryonic  development  (Grisendi  et  al .,  2005) 
and  cell  cycle  progression  (Brady  et  al .,  2004). 

In  support  of  this  hypothesis,  ectopic  expression  of 
NPM  in  immortalized  fibroblasts  not  only  increased  cell 
size  but  also  supplied  the  cell  with  signals  that  are 
necessary  for  enhanced  proliferation  and  anchorage- 
independent  growth.  On  the  basis  of  our  data  and  that 
of  other  groups,  we  propose  that  upregulation  of  NPM 
can  promote  transformation.  In  agreement  with  this 
idea,  a  subset  of  adult  leukemias  carries  an  NPM 
mutation,  which  encodes  a  second  nuclear  export  signal 
at  NPM’s  extreme  carboxy  terminus  (Falini  et  al .,  2005). 
Further  study  of  this  mutant  revealed  that  it  dictates 
increased  nucleocytoplasmic  shuttling  of  NPM  (Colom¬ 
bo  et  al .,  2006),  and  our  laboratory  has  previously 
shown  that  proper  cell  cycle  progression  requires  NPM 
nuclear  export  (Brady  et  al.,  2004).  In  addition, 
numerous  laboratories  (Itahana  et  al.,  2003;  Bertwistle 
et  al.,  2004;  Brady  et  al.,  2004)  have  demonstrated  that 
NPM  is  a  functional  target  of  the  nucleolar  ARF  tumor 
suppressor,  implying  that  the  transformation  properties 
of  NPM  can  be  antagonized  by  the  ARF  tumor 
suppressor.  The  fact  that  we  have  shown  NPM  to  be 
oncogenic  in  the  absence  of  p53  and  Arf  suggests  that 
NPM’s  role  in  promoting  transformation  is  not  to 
simply  antagonize  these  two  tumor  suppressors. 

Previous  studies  have  demonstrated  that  human  NPM 
undergoes  phosphorylation  at  Thr199  (Thr198  in  mouse), 
and  that  cyclin  E-cdk2  targets  this  Thr  residue  to  relieve 
NPM-mediated  repression  of  centrosome  duplication  and 
cell  cycle  progression  (Okuda  et  al.,  2000;  Tokuyama 
et  al.,  2001).  In  considering  this  argument,  one  would 
predict  that  centrosome  duplication  would  be  repressed 
under  conditions  of  increased  NPM  expression  or  nuclear 
export.  However,  this  has  not  been  observed  in  acute 
myelogenous  leukemia  patients  who  carry  NPMc+ 
mutants  (Falini  et  al.,  2005)  or  in  our  current  study  of 
the  cellular  effects  of  NPM  overexpression.  Although 
intriguing,  the  existing  model  concerning  the  role  of 
NPM  and  its  phosphorylation  at  Thr199  in  the  process  of 
centrosome  duplication  does  not  account  for  the  mount¬ 
ing  evidence  which  links  NPM  overexpression  and 
nuclear  export  to  increased  cell  growth  and  proliferation. 
We  have  provided  evidence  that  induction  of  NPM 
protein  expression  is  the  critical  limiting  factor  in  NPM’s 
ability  to  promote  cell  growth  and  proliferation. 


Our  studies  have  revealed  that  ARF’s  binding  to 
NPM  cannot  block  phosphorylation  of  NPM  at  Thr198. 
In  addition,  a  non-phosphorylatable  mutant  of  NPM, 
T198A,  does  not  block  cell  cycle  progression,  centro¬ 
some  duplication,  nuclear  export  or  cytosolic  ribosome 
accumulation  in  the  absence  of  endogenous  wild-type 
NPM.  Moreover,  we  observed  that  NPM-Thr198  is 
constitutively  phosphorylated  throughout  the  cell  cycle, 
and  any  increase  in  Thr198  phosphorylation  parallels  the 
increase  in  total  NPM  protein  expression.  Although  our 
data  indicates  that  phosphorylation  of  NPM-Thr198  does 
not  influence  NPM  function,  we  do  not  discount  the 
importance  of  NPM  in  centrosome  duplication.  In 
agreement  with  others’  published  findings  from  NPM 
knockout  mice  (Grisendi  et  al.,  2005)  and  cell  lines 
(Okuda  et  al.,  2000;  Tokuyama  et  al.,  2001),  we  have 
shown  that  loss  of  NPM  deregulates  centrosome 
duplication.  However,  we  propose  that  this  might  be  a 
downstream  effect,  which  may  not  be  directly  mediated 
by  NPM.  In  cells  undergoing  acute  NPM  loss,  we 
observed  a  decrease  in  the  number  of  actively  translating 
ribosomes  at  time  points  (48  h)  preceding  the  observed 
defects  in  centrosome  duplication  and  S-phase  entry 
(96-120  h).  Therefore,  our  data  supports  a  model  in 
which  NPM’s  direct  command  over  ribosome  biogenesis 
and  protein  translation  could  result  in  indirect  changes 
in  a  downstream  target  that  plays  a  critical  role  in  the 
process  of  centrosome  duplication.  Thus,  translational 
targets  of  the  ribosome  might  in  turn  also  promote 
cellular  proliferation  and  transformation. 


Materials  and  methods 

Cell  culture 

The  Arf-'-  MEFs,  Arf~'~ lp53~l~ /Mdm2~/-  MEFs  (TKO  MEFs, 
provided  by  Gerard  Zambetti,  St  Jude  Children’s  Research 
Hospital),  NIH3T3  and  HeLa  cells  were  maintained  in 
Dulbecco’s  modified  Eagle’s  medium  supplemented  with 
10%  fetal  bovine  serum,  2mM  L-glutamine,  0.1  mM  non- 
essential  amino  acids  and  100  U  each  of  penicillin  and 
streptomycin.  TKO  MEFs  were  synchronized  into  quiescence 
by  culturing  at  sub-confluency  in  medium  supplemented  with 
0.1%  fetal  bovine  serum  for  48  h. 

Plasmid  constructs 

The  pSRa-MSV-tkneo  retroviral  expression  vectors  encoding 
pl9ARF,  pl9ARFA114  and  full-length  murine  NPM  were  used  as 
described  previously  (Brady  et  al.,  2004).  The  His-T198A 
NPM  mutant  was  amplified  from  pET28a-NPM  using  the 
following  mutagenic  primers:  5'-ATCTGTACGAGATGCA 
CCAGCCAAAAATGC-3'  (sense)  and  5'-GTGCATTTTTGG 
CTGGTGCATCTCGTACAG-3'  (antisense).  The  resultant 
His-T198A  cDNA  was  sub-cloned  into  pcDNA3.1  using 
EcoKl  and  BamHl,  and  into  pSRa-MSV-tkneo  using  EcoKl; 
pcDNA3.1-Myc-NPC-M9  was  gift  from  J  Alan  Diehl  (Uni¬ 
versity  of  Pennsylvania,  USA).  The  pFLRu-GFP-siLuc  and 
pFLRu-GFP-siNPM  vectors  were  provided  by  Gregory  Long- 
more  (Washington  University,  USA)  (Pelletier  et  al.,  2007).  To 
generate  the  pFLRu-siNPM-NPM-GFP  and  pFLRu-siNPM- 
T198A-GFP  rescue  constructs,  murine  cDNAs  encoding  wild 
type  or  T198A-mutant  NPM  were  sub-cloned  into  the  EcoKl 
and  BamHl  sites  of  the  pFLRu-GFP-siNPM  vector.  The 
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lentiviral  envelope  and  packaging  vectors,  pHCMV.G  and 
CMVAR8.2,  were  gifts  from  Sheila  Stewart  (Washington 
University). 

Virus  production  and  infection 

Retroviral  production  and  infection  using  pBabe-H-RasV12  and 
SRa-MSV-tkneo  vectors  were  carried  out  according  to 
methods  described  previously  (Brady  et  al.,  2004;  Roussel 
et  al.,  1995).  Lentiviruses  encoded  by  the  pFLRu-GFP  vectors 
were  packaged  in  293T  cells  after  cotransfection  of  the 
pHCMV.G,  CMVAR8.2  and  pFLRu-GFP  lentiviral  vectors 
using  Fugene  6  (Roche,  Indianapolis,  IN,  USA).  Primary 
MEFs  were  infected  for  4h  with  freshly  harvested  lentiviral 
supernatants  in  the  presence  of  8  |ig/ml  protamine  sulfate,  and 
at  24-h  post-infection,  puromycin  (2  jig/ml)  was  added  to  the 
cells  for  a  selection  period  of  48  h  where  appropriate. 

Flow  cytometry 

The  Arf~'~  MEFs  were  infected  with  retroviruses  encoding  the 
control  vector,  His-NPM  or  Rasvl2,  and  were  harvested  at 
72  h.  Cells  were  fixed  and  resuspended  in  IX  phosphate- 
buffered  saline/ 1%  fetal  bovine  serum  with  or  without 
propidium  iodide  before  analysis  using  a  FACSCalibur 
(Becton  Dickson,  Rockville,  MD,  USA). 

Foci  formation 

Mouse  embryonic  fibroblasts  were  infected  with  lentiviral 
expression  supernatants  and  were  seeded  (2  x  103)  onto 
100  mm  dishes.  Cells  were  grown  for  14  days  in  complete 
medium,  fixed  in  100%  methanol  and  stained  for  30  min  with 
50%  Giemsa. 

Soft  agar  colony  formation 

The  p53~  ~  MEFs  were  infected  with  control  vector,  His-NPM, 
His-NPM-T198A  or  Rasvl2  retroviruses,  and  were  seeded 
(1  x  103)  in  triplicates  onto  60  mm  dishes.  Colonies  were 
allowed  to  grow  for  14  days  in  complete  medium  supplemented 
with  fetal  bovine  serum  and  Noble  Agar. 

Immunohistochemistry  using  the  common  cancer  tissue  array 
The  TARP4  tissue  array  was  purchased  from  NCI  Tissue 
Array  Research  Project.  The  tissues  used  to  construct 
arrays  were  obtained  from  the  Cooperative  Human  Tissue 
Network  (CHTN).  Each  tissue  array  slide  contained  600 
samples.  De-paraffinized  tissue  sections  were  first  treated  with 
3%  H202  for  30  min  followed  by  antigen  retrieval  by  heating 
in  citra  plus  solution  (BioGenex,  San  Ramon,  CA,  USA). 
After  subjecting  to  avidin  block,  biotin  block  and  power  block 
for  15  min,  the  sections  were  incubated  with  mouse  anti-NPM 
antibody  (Zymed,  San  Francisco,  CA,  USA)  for  1  h.  After 
further  incubation  with  biotinylated  multi-link  antibody  for 
45  min  and  peroxidase-labeled  streptavidin  for  30  min,  the 
staining  was  developed  by  reaction  with  3,3'-diaminobenzidine 
tetrahydrochloride  substrate-chromogen  solution. 

Karyotyping  analysis 

The  Arf~h  MEFs  were  infected  with  control  vector  or  His- 
NPM  retroviruses,  and  at  72-h  post-infection  were  treated  with 
colcemid  (10|ig/ml)  for  16  h.  Cells  were  harvested  in  75  mM 
KC1  for  6  min  at  37  °C.  Cells  were  fixed  in  methanol: acetic  acid 
(3:1)  and  washed.  The  cells  were  resuspended  in  2  ml  fixative 
and  one  drop  was  allowed  to  fall  onto  frosted  glass  slide.  DNA 
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was  stained  with  DAPI  (4',6-diamidino-2-phenylindole)  and 
fluorescent  signals  were  detected. 

Immunoprecipitation  and  western  blot  analysis 
Immunoprecipitation  of  cell  lysates  was  performed  as  pre¬ 
viously  described  (Brady  et  al.,  2004).  Antibodies  recognizing 
y-tubulin,  cyclin  Dl,  His  (Santa  Cruz,  Santa  Cruz,  CA,  USA), 
pl9ARF  (Abeam,  Cambridge,  MA,  USA),  NPM  (Zymed)  and 
NPM  (custom  rabbit  polyclonal,  Sigma,  St  Louis,  MO,  USA) 
were  used  in  western  blot  analyses.  The  custom  phosphospe- 
cific  polyclonal  antibody  recognizing  phospho-NPM  (Thr198) 
was  generated  commercially  (Zymed)  and  raised  against 
the  following  phosphopeptide:  CSVRDpTPAKN  (Tufts 
University  Peptide  Core). 

Heterokaryon  assay 

The  HeLa  cells  (2  x  105)  were  seeded  onto  glass  cover  slips  in 
six-well  dishes  and  transfected  with  constructs  encoding  either 
His-tagged  wild  type  or  T198A-mutant  NPM  in  combination 
with  a  Myc-tagged  NPC-M9  plasmid  (a  gift  from  J  Alan  Diehl, 
University  of  Pennsylvania).  Heterokaryon  assays  were 
performed  as  previously  described  (Yu  et  al.,  2006). 

Indirect  imm un oflourescen ce 

The  Arf~'~  or  TKO  MEFs  were  infected  with  SRa-MSV-tkneo 
retroviruses  or  pFLRu-GFP  lentiviruses  as  indicated,  and 
seeded  onto  glass  cover  slips.  Cells  were  washed  with 
phosphate-buffered  saline,  fixed  at  room  temperature  using 
10%  formalin/10%  methanol,  followed  by  1%  NP-40  in 
phosphate-buffered  saline  for  5  min  at  room  temperature.  Cells 
were  stained  with  an  antibody  recognizing  y-tubulin  (Sigma), 
followed  by  FITC  or  rhodamine  X-conjugated  immunoglobu¬ 
lins.  Nuclei  were  counter  stained  with  DAPI. 

BrdU  incorporation 

The  Arf~'~  or  TKO  MEFs  were  infected  with  SRa-MSV-tkneo 
retroviruses  or  pFLRu-GFP  lentiviruses  as  indicated.  Cells 
were  seeded  onto  glass  cover  slips  and  subjected  to  BrdU 
incorporation  analysis  (Brady  et  al.,  2004). 

Ribosome  fractionation 

At  4  days  post-infection  with  pFLRu-GFP  lentiviruses,  TKO 
MEFs  were  subjected  to  ribosome  fractionation  analysis 
(Maggi  et  al.,  2008). 


We  are  indebted  to  Sheila  Stewart,  Gregory  Longmore,  J  Alan 
Diehl,  Martine  Roussel,  Charles  Sherr  and  Gerard  Zambetti 
for  gifts  of  plasmid  constructs,  antibodies  and  primary  TKO 
MEFs.  In  addition,  we  would  like  to  thank  Sheila  Stewart, 
Helen  Piwnica- Worms,  Michael  Tomasson  and  John  Majors 
for  insightful  discussions  throughout  the  course  of  this  study. 
SNB  was  supported  by  the  Cancer  Biology  Pathway.  CLP  was 
a  trainee  in  the  Lucille  P  Markey  Special  Emphasis  Pathway  in 
Human  Pathobiology.  JDW  was  funded  through  the  National 
Institutes  of  Health  and  Department  of  Defense  Era  of  Hope 
Scholar  Award  in  Breast  Cancer  Research. 


Conflict  of  interest 

The  authors  declare  no  conflict  of  interest. 

Acknowledgements 


48 


Oncogene 


3220 


Role  of  NPM  levels  in  growth  and  proliferation 

SN  Brady  et  al 


References 


Andersen  JS,  Wilkinson  CJ,  Mayor  T,  Mortensen  P,  Nigg  EA,  Mann 
M.  (2003).  Proteomic  characterization  of  the  human  centrosome  by 
protein  correlation  profiling.  Nature  426:  570-574. 

Bertwistle  D,  Sugimoto  M,  Sherr  CJ.  (2004).  Physical  and  functional 
interactions  of  the  Arf  tumor  suppressor  protein  with  nucleophos- 
min/B23.  Mol  Cell  Biol  24:  985-996. 

Brady  SN,  Yu  Y,  Maggi  Jr  LB,  Weber  JD.  (2004).  ARF  impedes 
NPM/B23  shuttling  in  an  Mdm2-sensitive  tumor  suppressor 
pathway.  Mol  Cell  Biol  24:  9327-9338. 

Cha  H,  Hancock  C,  Dangi  S,  Maiguel  D,  Carrier  F,  Shapiro  P.  (2004). 
Phosphorylation  regulates  nucleophosmin  targeting  to  the  centro¬ 
some  during  mitosis  as  detected  by  cross-reactive  phosphorylation- 
specific  MKK1/MKK2  antibodies.  Biochem  /378:  857-865. 

Colombo  E,  Bonetti  P,  Lazzerini  Denchi  E,  Martinelli  P,  Zamponi  R, 
Marine  JC  et  al.  (2005).  Nucleophosmin  is  required  for  DNA 
integrity  and  pl9Arf  protein  stability.  Mol  Cell  Biol  25:  8874-8886. 

Colombo  E,  Marine  JC,  Danovi  D,  Falini  B,  Pelicci  PG.  (2002). 
Nucleophosmin  regulates  the  stability  and  transcriptional  activity  of 
p53.  Nat  Cell  Biol  4:  529-533. 

Colombo  E,  Martinelli  P,  Zamponi  R,  Shing  DC,  Bonetti  P,  Luzi  L  et  al. 
(2006).  Delocalization  and  destabilization  of  the  Arf  tumor  suppressor 
by  the  leukemia-associated  NPM  mutant.  Cancer  Res  66:  3044-3050. 

Falini  B,  Mecucci  C,  Tiacci  E,  Alcalay  M,  Rosati  R,  Pasqualucci  L 
et  al.  (2005).  Cytoplasmic  nucleophosmin  in  acute  myelogenous 
leukemia  with  a  normal  karyotype.  N  Engl  J  Med  352:  254-266. 

Gao  H,  Jin  S,  Song  Y,  Fu  M,  Wang  M,  Liu  Z  et  al.  (2005).  B23  regulates 
GADD45a  nuclear  translocation  and  contributes  to  GADD45a- 
induced  cell  cycle  G2-M  arrest.  J  Biol  Chem  280:  10988-10996. 

Grisendi  S,  Bernardi  R,  Rossi  M,  Cheng  K,  Khandker  L,  Manova  K 
et  al.  (2005).  Role  of  nucleophosmin  in  embryonic  development  and 
tumorigenesis.  Nature  437:  147-153. 

Hinchcliffe  EH,  Miller  FJ,  Cham  M,  Khodjakov  A,  Sluder  G.  (2001). 
Requirement  of  a  centrosomal  activity  for  cell  cycle  progression 
through  G1  into  S  phase.  Science  291:  1547-1550. 

Honda  R,  Yasuda  H.  (1999).  Association  of  pl9(ARF)  with  Mdm2 
inhibits  ubiquitin  ligase  activity  of  Mdm2  for  tumor  suppressor  p53. 
EMBO  J  18:  22-27. 

Itahana  K,  Bhat  KP,  Jin  A,  Itahana  Y,  Hawke  D,  Kobayashi  R  et  al.  (2003). 
Tumor  suppressor  ARF  degrades  B23,  a  nucleolar  protein  involved  in 
ribosome  biogenesis  and  cell  proliferation.  Mol  Cell  12:  1151-1164. 

Kamijo  T,  Zindy  F,  Roussel  MF,  Quelle  DE,  Downing  JR,  Ashmun  RA 
et  al.  (1997).  Tumor  suppression  at  the  mouse  INK4a  locus  mediated 
by  the  alternative  reading  frame  product  pl9ARF.  Cell  91:  649-659. 

Khodjakov  A,  Rieder  CL.  (2001).  Centrosomes  enhance  the  fidelity  of 
cytokinesis  in  vertebrates  and  are  required  for  cell  cycle  progression. 
/  Cell  Biol  153:  237-242. 

Kondo  T,  Minamino  N,  Nagamura-Inoue  T,  Matsumoto  M, 
Taniguchi  T,  Tanaka  N.  (1997).  Identification  and  characterization 
of  nucleophosmin/B23/numatrin  which  binds  the  anti- oncogenic 
transcription  factor  IRF-1  and  manifests  oncogenic  activity. 
Oncogene  15:  1275-1281. 

Li  YP.  (1997).  Protein  B23  is  an  important  human  factor  for  the 
nucleolar  localization  of  the  human  immunodeficiency  virus  protein 
Tat.  /  Virol  71:  4098-4102. 

Liu  HT,  Yung  BY.  (1999).  in  vivo  interaction  of  nucleophosmin/B23 
and  protein  C23  during  cell  cycle  progression  in  HeLa  cells.  Cancer 
Lett  144:  45-54. 

Liu  QR,  Chan  PK.  (1991).  Formation  of  nucleophosmin/B23 
oligomers  requires  both  the  amino-  and  the  carboxyl-terminal 
domains  of  the  protein.  Eur  J  Biochem  200:  715-721. 

Maggi  Jr  LB,  Kuchenruether  M,  Dadey  DY,  Schwope  RM, 
Grisendi  S,  Townsend  RR  et  al.  (2008).  Nucleophosmin  serves  as 
a  rate-limiting  nuclear  export  chaperone  for  the  mammalian 
ribosome.  Mol  Cell  Biol  28:  7050-7065. 


Namboodiri  VM,  Schmidt-Zachmann  MS,  Head  JF,  Akey  CW. 
(2004).  Purification,  crystallization  and  preliminary  X-ray  analysis 
of  the  N-terminal  domain  of  N038,  a  nucleolar  protein  from 
Xenopus  laevis.  Acta  Crystallogr  D  Biol  Crystallogr  60:  2325-2327. 

Okuda  M.  (2002).  The  role  of  nucleophosmin  in  centrosome 
duplication.  Oncogene  21:  6170-6174. 

Okuda  M,  Horn  HF,  Tarapore  P,  Tokuyama  Y,  Smulian  AG,  Chan 
PK  et  al  (2000).  Nucleophosmin/B23  is  a  target  of  CDK2/cyclin  E  in 
centrosome  duplication.  Cell  103:  127-140. 

Okuwaki  M,  Matsumoto  K,  Tsujimoto  M,  Nagata  K.  (2001). 
Function  of  nucleophosmin/B23,  a  nucleolar  acidic  protein,  as  a 
histone  chaperone.  FEBS  Lett  506:  272-276. 

Okuwaki  M,  Tsujimoto  M,  Nagata  K.  (2002).  The  RNA  binding 
activity  of  a  ribosome  biogenesis  factor,  nucleophosmin/B23,  is 
modulated  by  phosphorylation  with  a  cell  cycle-dependent  kinase 
and  by  association  with  its  subtype.  Mol  Biol  Cell  13:  2016-2030. 

Pelletier  CL,  Maggi  Jr  LB,  Brady  SN,  Scheidenhelm  DK,  Gutmann  DH, 
Weber  JD.  (2007).  TSC1  Sets  the  rate  of  ribosome  export  and 
protein  synthesis  through  nucleophosmin  translation.  Cancer  Res  67: 
1609-1617. 

Roussel  MF,  Theodoras  AM,  Pagano  M,  Sherr  CJ.  (1995).  Rescue  of 
defective  mitogenic  signaling  by  D-type  cyclins.  Proc  Natl  Acad  Sci 
USA  92:  6837-6841. 

Sherr  CJ,  Weber  JD.  (2000).  The  ARF/p53  pathway.  Curr  Opin  Genet 
Dev  10:  94-99. 

Shinmura  K,  Tarapore  P,  Tokuyama  Y,  George  KR,  Fukasawa  K. 
(2005).  Characterization  of  centrosomal  association  of  nucleophos- 
min/B23  linked  to  Crml  activity.  FEBS  Lett  579:  6621-6634. 

Spector  DL,  Ochs  RL,  Busch  H.  (1984).  Silver  staining,  immuno¬ 
fluorescence,  and  immunoelectron  microscopic  localization  of 
nucleolar  phosphoproteins  B23  and  C23.  Chromosoma  90:  139-148. 

Tao  W,  Levine  AJ.  (1999).  P19(ARF)  stabilizes  p53  by  blocking 
nucleo-cytoplasmic  shuttling  of  Mdm2.  Proc  Natl  Acad  Sci  USA  96: 
6937-6941. 

Tokuyama  Y,  Horn  HF,  Kawamura  K,  Tarapore  P,  Fukasawa  K. 
(2001).  Specific  phosphorylation  of  nucleophosmin  on  Thr(199)  by 
cyclin-dependent  kinase  2-cyclin  E  and  its  role  in  centrosome 
duplication.  J  Biol  Chem  276:  21529-21537. 

Uetake  Y,  Loncarek  J,  Nordberg  JJ,  English  CN,  La  Terra  S, 
Khodjakov  A  et  al.  (2007).  Cell  cycle  progression  and  de  novo 
centriole  assembly  after  centrosomal  removal  in  untransformed 
human  cells.  /  Cell  Biol  176:  173-182. 

Wang  W,  Budhu  A,  Forgues  M,  Wang  XW.  (2005).  Temporal  and 
spatial  control  of  nucleophosmin  by  the  Ran-Crml  complex  in 
centrosome  duplication.  Nat  Cell  Biol  7:  823-830. 

Weber  JD,  Jeffers  JR,  Rehg  JE,  Randle  DH,  Lozano  G,  Roussel  MF 
et  al.  (2000).  p53-independent  functions  of  the  pl9  (ARF)  tumor 
suppressor.  Genes  Dev  14:  2358-2365. 

Weber  JD,  Taylor  LJ,  Roussel  MF,  Sherr  CJ,  Bar-Sagi  D.  (1999).  Nucleolar 
Arf  sequesters  Mdm2  and  activates  p53.  Nat  Cell  Biol  1:  20-26. 

Winey  M.  (1999).  Cell  cycle:  driving  the  centrosome  cycle.  Curr  Biol  9: 
R449-R452. 

Yang  C,  Maiguel  DA,  Carrier  F.  (2002).  Identification  of  nucleolin 
and  nucleophosmin  as  genotoxic  stress-responsive  RNA-binding 
proteins.  Nucleic  Acids  Res  30:  2251-2260. 

Yu  Y,  Maggi  Jr  LB.,  Brady  SN,  Apicelli  AJ,  Dai  MS,  Lu  H  et  al. 
(2006).  Nucleophosmin  is  essential  for  ribosomal  protein  L5  nuclear 
export.  Mol  Cell  Biol  26:  3798-3809. 

Yung  BY,  Chan  PK.  (1987).  Identification  and  characterization  of  a 
hexameric  form  of  nucleolar  phosphoprotein  B23.  Biochim  Biophys 
Acta  925:  74-82. 

Zatsepina  OV,  Rousselet  A,  Chan  PK,  Olson  MO,  Jordan  EG, 
Bornens  M.  (1999).  The  nucleolar  phosphoprotein  B23  redistributes 
in  part  to  the  spindle  poles  during  mitosis.  J  Cell  Sci  112:  455-466. 


Oncogene 


49 


Oncogene  (2011)  30,  77-86 

©  2011  Macmillan  Publishers  Limited  All  rights  reserved  0950-9232/11 


www.nature.com/onc 


ORIGINAL  ARTICLE 

Identification  of  FUSE-binding  protein  1  as  a  regulatory  mRNA-binding 
protein  that  represses  nucleophosmin  translation 

ME  Olanich1,2’3,  BL  Moss1,4,5,  D  Piwnica-Worms1,4,5,  RR  Townsend6  and  JD  Weber1’2,3 
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Nucleophosmin  (NPM/B23)  is  a  multifunctional  onco¬ 
protein  whose  protein  expression  levels  dictate  cellular 
growth  and  proliferation  rates.  NPM  is  translationally 
responsive  to  hyperactive  mammalian  target  of  rapamycin 
(mTOR)  signals,  but  the  mechanism  of  this  regulation  is 
not  understood.  Using  chimeric  translational  reporters,  we 
found  that  the  3'  untranslated  region  (UTR)  of  the  NPM 
messenger  (m)RNA  is  sufficient  to  mediate  its  transla¬ 
tional  modulation  by  mTOR  signalling.  We  show  that  far 
upstream  element  (FUSE)-binding  protein  1  (FBP1) 
interacts  specifically  with  the  3'  UTR  of  NPM  to  repress 
translation.  Overexpression  of  FBP1  resulted  in  transla¬ 
tional  repression  of  NPM  mRNAs,  whereas  depletion  of 
FBP1  caused  a  dramatic  increase  in  NPM  translation  and 
resulted  in  enhanced  overall  cell  proliferation.  Thus,  we 
propose  that  FBP1  is  a  key  regulator  of  cell  growth  and 
proliferation  through  its  ability  to  selectively  bind  the 
NPM  3'  UTR  and  repress  NPM  translation. 

Oncogene  (2011)  30,  77-86;  doi:10.1038/onc.2010.404; 
published  online  30  August  2010 

Keywords:  FBP1;  Nucleophosmin;  ribosome  biogenesis; 
translation 


Introduction 

Translational  regulation  functions  as  a  critical  mode  by 
which  cells  direct  protein  expression.  Translational 
control  of  select  messenger  (m)RNAs  is  often  mediated 
by  regulatory  proteins  that  interact  with  sequence 
elements  within  the  5'  and/or  3'  untranslated  regions 
(UTRs)  of  transcripts  (Gebauer  and  Hentze,  2004). 
Compared  with  regulatory  protein-RNA  interactions  in 
the  3'  UTR,  however,  those  in  the  5'  UTR  are  relatively 
rare  (Jackson  et  ai,  2010).  Consistent  with  this  notion, 
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numerous  studies  have  demonstrated  important  regula¬ 
tory  protein-mRNA  interactions  in  the  3'  UTRs  of 
various  transcripts  (Irwin  et  al .,  1997;  Brennan  and 
Steitz,  2001;  Wickens  et  al .,  2002;  Zhang  et  al .,  2002; 
Mazan-Mamczarz  et  al .,  2003;  de  Moor  et  al .,  2005; 
Galban  et  al .,  2008;  Hamilton  et  al .,  2008).  Thus,  it  is 
clear  that  UTRs,  and  particularly  the  3'  UTR,  are 
essential  regulators  of  the  protein  expression  machinery. 

Nucleophosmin  (NPM/B23)  is  a  nucleolar  oncopro¬ 
tein  involved  in  a  myriad  of  central  cellular  processes, 
including  ribosome  biogenesis  (Okuwaki  et  al .,  2002), 
protein  chaperoning  (Okuwaki  et  al .,  2001),  centrosome 
duplication  (Okuda  et  al .,  2000),  transcriptional  regula¬ 
tion  (Colombo  et  al .,  2002)  and  cellular  growth  and 
proliferation  (Brady  et  al .,  2004;  Grisendi  et  al .,  2005, 
2006).  NPM  has  a  crucial  role  in  modulating  the  rate  of 
40S  and  60S  ribosomal  subunit  export  from  the 
nucleolus/nucleus  to  the  cytoplasm,  thereby  functioning 
as  a  chaperone  for  the  ribosome  (Yu  et  al .,  2006;  Maggi 
et  al .,  2008).  Through  this  mechanism,  NPM  is  able  to 
enhance  protein  synthesis  and  promote  cellular  growth 
(Maggi  et  al .,  2008).  NPM  is  overexpressed  in  several 
neoplasms,  such  as  ovarian,  colon,  prostate,  bladder  and 
gastric  cancers  (Sandsmark  et  al .,  2007;  Qi  et  al .,  2008). 
As  a  potent  oncoprotein,  it  is  important  to  understand 
the  regulation  of  NPM  expression. 

Previous  data  demonstrated  that  NPM  protein 
expression  is  induced  by  hyperactive  mammalian  target 
of  rapamycin  (mTOR)  signalling  caused  by  either 
overexpression  of  constitutively  active  H-Ras  or  loss 
of  TscI  (Pelletier  et  al .,  2007).  Induction  of  NPM 
protein  expression  is  clearly  mTOR-dependent,  as  NPM 
induction  was  abrogated  upon  treatment  with  rapamy¬ 
cin,  a  selective  inhibitor  of  mTOR  (Wullschleger  et  al ., 
2006),  or  overexpression  of  TSCI  (Pelletier  et  al .,  2007). 
Interestingly,  NPM  mRNA  expression  is  insensitive  to 
rapamycin,  suggesting  that  NPM  is  regulated  primarily 
at  the  level  of  translation. 

Here,  we  establish  that  NPM  expression  is  controlled 
translationally  and  that  the  NPM  3'  UTR  alone  is 
sufficient  to  impart  endogenous  NPM-like  translational 
modulation  onto  a  luciferase  reporter  open  reading 
frame  (ORF).  Additionally,  we  identified  far  upstream 
element  (FUSE)-binding  protein  1  (FBP1)  as  a  novel 
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NPM  3'  UTR  mRNA-binding  protein  that  represses 
translation  of  the  NPM  transcript.  Through  modulation 
of  NPM,  FBPl  has  an  important  role  in  the  regulation 
of  cell  growth  and  proliferation. 


Results 

Inhibition  of  mTOR  induces  NPM  mRNA  exclusion  from 
actively  translating  ribosomes 

Signals  emanating  from  hyperactivated  mTOR  signal¬ 
ling  stimulate  the  translation  of  NPM,  resulting  in 
increased  NPM  protein  expression  in  the  absence  of 
significant  changes  in  NPM  mRNA  levels  (Pelletier 
et  al .,  2007).  To  further  examine  the  apparent  transla¬ 
tional  control  of  NPM,  Tscl~l~p53~,~  mouse  embryonic 
fibroblasts  (MEFs),  which  display  activated  mTOR 
(Tee  et  al.,  2002),  were  treated  with  rapamycin.  NPM 
protein  induction  was  attenuated  upon  rapamycin 
treatment  (Figure  la),  even  in  the  presence  of  slightly 
elevated  levels  of  NPM  transcripts  (Supplementary 
Figure  la),  indicating  that  the  rapamycin-induced 
reduction  in  NPM  protein  expression  is  not  due  to 
reduced  cellular  NPM  mRNAs. 


a 


Fraction 


Figure  1  Translation  of  NPM  mRNAs  is  abrogated  upon 
inhibition  of  mTOR.  TscTl~p53~l~  MEFs  were  treated  with  vehicle 
(-)  or  rapamycin  (  +  ).  (a)  Rapamycin  treatment  results  in  reduced 
NPM  protein  levels,  (b)  Polysome  formation  is  decreased  in  cells 
treated  with  rapamycin.  (c)  NPM  mRNAs  are  excluded  from 
actively  translating  polysomes  upon  treatment  with  rapamycin. 
Monosome/disome-  and  polysome-associated  NPM  mRNAs  were 
measured  by  qRT-PCR  and  were  calculated  as  percentage  of  total 
NPM  mRNAs.  Data  are  mean  ±  s.d.  of  three  independent 
experiments,  (d)  Monosomal/disomal  and  polysomal  distributions 
of  GAPDH  mRNAs  are  unaffected  by  rapamycin.  GAPDH 
mRNAs  measured  by  qRT-PCR  from  RNA  extracted  from 
sucrose  gradient  fractions  are  shown  as  percentage  of  total 
GAPDH  mRNAs.  Values  are  mean  ±  s.d.  of  three  independent 
experiments. 


We  hypothesized  that  rapamycin  treatment  might 
result  in  the  exclusion  of  NPM  mRNAs  from  actively 
translating  polyribosomes  or  polysomes.  To  test  this, 
cytosolic  ribosomes  were  isolated  by  sucrose  gradient 
centrifugation  from  equal  numbers  of  Tscl~,~p53~l~ 
MEFs  treated  with  vehicle  or  rapamycin.  Ribosomal 
subunits  were  detected  by  continuous  measurement  of 
RNA  absorbance  (A254nm)-  Treatment  with  rapamycin 
dramatically  reduced  the  overall  formation  of  poly¬ 
somes  actively  engaged  in  mRNA  translation  (Figure  lb). 
To  evaluate  the  distribution  of  NPM  transcripts  in 
monosomes/disomes  and  polysomes,  NPM  mRNA  levels 
in  sucrose  gradient  fractions  were  measured  by  quanti¬ 
tative  real-time  PCR.  Strikingly,  despite  a  modest 
increase  in  the  total  cellular  pool  of  NPM  mRNAs  in 
rapamycin-treated  cells  compared  with  vehicle-treated 
cells  (Supplementary  Figure  la),  the  percentage  of 
NPM  transcripts  associated  with  actively  translating 
polysomes  was  dramatically  diminished  upon  rapa¬ 
mycin  treatment  (Figure  lc).  Accumulation  of  NPM 
mRNAs  was  apparent  in  monosomes/disomes,  particu¬ 
larly  80S  fractions,  in  cells  treated  with  rapamycin 
(Figure  lc),  which  is  consistent  with  previous  studies 
(Jefferies  et  al.,  1997).  To  test  that  our  findings  for  NPM 
were  specific  for  an  mRNA  that  is  translationally 
responsive  to  mTOR  signals,  we  treated  cells  with 
rapamycin  and  analyzed  GAPDH  mRNAs.  Rapamycin 
had  no  effect  on  the  distribution  of  GAPDH  mRNAs  in 
monosome/disome  or  polysome  fractions  (Figure  Id), 
consistent  with  previous  findings  (Terada  et  al.,  1994). 
Importantly,  unchanged  GAPDH  transcript  distribu¬ 
tion  upon  rapamycin  treatment  suggests  that  inhibition 
of  mTOR  did  not  globally  affect  all  cellular  mRNA 
translation,  which  is  in  accordance  with  previous  reports 
(Mendez  et  al.,  1996).  Taken  together,  these  data 
indicate  that  NPM  expression  is  responsive  to  hyper¬ 
active  mTOR  signalling  at  the  level  of  translation. 


The  NPM  3'  UTR  is  sufficient  to  confer  NPM-like 
translational  regulation  properties  to  a  luciferase  ORF 
Recognition  and  binding  of  elements  within  the  5'  and  3' 
UTRs  of  mRNAs  by  regulatory  proteins  is  a  common 
mechanism  underlying  selective  mRNA  translational 
control  (Gebauer  and  Hentze  2004).  Indeed,  previous 
reports  have  indicated  that  various  mRNAs  are  subject 
to  such  regulation  (Irwin  et  al.,  1997;  Pontrelli  et  al., 
2004;  Takagi  et  al.,  2005;  Jiang  et  al.,  2006;  Sidiropoulos 
et  al.,  2007;  Zhang  et  al.,  2008).  To  determine  whether  a 
comparable  mechanism  may  be  responsible  for  the 
translational  regulation  of  NPM,  we  first  identified  the 
5'  UTR  sequence  of  the  NPM  transcript  by  rapid 
amplification  of  complementary  DNA  ends  (RACE) 
(Supplementary  Figure  2a;  GenBank  accession  number 
GU214027).  Like  the  human  NPM  5'  UTR  (Meyuhas 
2000),  RACE  revealed  that  the  murine  NPM  5'  UTR 
contains  a  canonical  terminal  oligopyrimidine  tract  also 
contained  in  the  5'  UTRs  of  transcripts  encoding 
ribosomal  proteins,  elongation  factors  and  other  com¬ 
ponents  of  the  translational  machinery  (Proud  2007, 
2009).  For  use  as  a  control,  we  utilized  RACE  to 
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determine  the  sequence  of  the  GAPDH  5'  UTR 
(GenBank  accession  number  GU2 14026).  We  attained 
the  complete  NPM  and  GAPDH  3'  UTR  sequences 
from  GenBank  (accession  numbers  BC054755.1  and 
NM_008084.2,  respectively)  (Supplementary  Figure  2a). 

To  investigate  whether  the  NPM  5'  and  3'  UTRs  may 
be  important  for  regulation  of  the  NPM  mRNA,  we 
sought  to  evaluate  whether  the  NPM  5'  and  3'  UTRs 
were  sufficient  to  modulate  translation  of  another  ORF 
in  a  manner  equivalent  to  translational  regulation  of  the 
NPM  ORF.  Specifically,  we  wanted  to  determine 
whether  fusion  of  the  NPM  5'  and  3'  UTRs  to  a  firefly 
lucif erase  (Flue)  ORF  rendered  Flue  expression  sensitive 
to  rapamycin.  To  test  this,  Tscl~l~p53~,~  MEFs  were 
transduced  with  plasmids  encoding  NPM  5'  and  3' 
UTR-flanked  Flue  (NPM  5'-/kc-NPM  3';  Supplemen¬ 
tary  Figure  2b).  Although  NPM  5'-luc-NPM  3'  protein 
activity  increased  over  the  duration  of  serum  stimula¬ 
tion,  this  induction  was  greatly  attenuated  in  the 
presence  of  rapamycin  compared  with  vehicle 
(Figure  2a).  As  demonstrated  with  endogenous  NPM 
(Pelletier  et  al .,  2007)  (Figure  la;  Supplementary 
Figure  la),  these  data  indicate  that  NPM  5'-luc-NPM 


3'  activity  is  driven  by  changes  in  translation  rather  than 
transcription.  To  examine  whether  the  rapamycin- 
induced  reduction  of  NPM  5'-luc-NPM  3'  activity  was 
specific  for  an  mTOR-regulated  mRNA,  Tscl~l~p53~l~ 
MEFs  were  transduced  with  plasmids  encoding 
GAPDH  5'  and  3'  UTR-flanked  Flue  (GAPDH  S'-luc- 
GAPDH  3';  Supplementary  Figure  2b).  Notably, 
rapamycin  failed  to  affect  GAPDH  5'-luc-GAPDH  3' 
activity  at  any  time  point  evaluated  (Figure  2b). 

To  examine  the  independent  roles  of  each  NPM  UTR 
as  potential  targets  of  regulation,  we  generated  chimeric 
reporters  by  fusing  the  NPM  5'  UTR  and  the  GAPDH 
3'  UTR  or  the  GAPDH  5'  UTR  and  the  NPM  3'  UTR 
to  the  respective  ends  of  the  Flue  ORF  (Supplementary 
Figure  2b).  Surprisingly,  NPM  5'-luc-GAPDH  3' 
activity  resembled  GAPDH  5'-luc-GAPDH  3'  activity, 
with  rapamycin  having  no  effect  at  any  time  point 
measured  (Figure  2c).  GAPDH  5'-hic-NPM  3'  activity, 
however,  demonstrated  rapamycin  sensitivity  similar  to 
that  observed  with  NPM  5'-luc-NPM  3'  activity 
(Figure  2d).  Collectively,  these  data  suggest  that 
sequences  within  the  NPM  3'  UTR,  but  not  in  the 
NPM  5'  UTR,  mediate  regulation  of  NPM  mRNA 


a  NPM  5’  UTR-/1/0NPM  3’  UTR 


Time  after  serum  addition 


b  GAPDH  5'  UTR-/UC-GAPDH  3'  UTR 


Time  after  serum  addition 


C  NPM  5'  UTR-/UC-GAPDH  3'  UTR 


2h  4h  8h  18h  24h 
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d  GAPDH  5'  UTR-/UC-NPM  3'  UTR 


Figure  2  The  NPM  3'  UTR  is  sufficient  to  confer  NPM-like  translational  control  to  a  lucif  erase  ORF.  (a-d)  Tscl~ ~p53~h  MEFs  were 
transfected  with  plasmids  depicted  in  Supplementary  Figure  2b.  Cells  were  serum  starved  and  then  incubated  with  10%  serum  in  the 
presence  or  absence  of  rapamycin  for  the  indicated  durations.  Plasmid  expressing  CMV-driven  Renilla  luciferase  (Rluc)  was  used  as  an 
internal  control  for  transfection  efficiency.  Photon  flux  was  calculated  by  normalizing  firefly  luciferase  (Flue)  activity  to  Rluc  activity. 
Levels  of  Flue  mRNA  at  each  time  point  were  measured  by  qRT-PCR  from  total  RNA  isolated  from  transfected  MEFs.  Shown  is 
photon  flux  normalized  to  Flue  mRNA  levels.  Data  are  mean  ±  s.d.  of  quadruplicate  samples  per  condition  from  three  independent 
experiments  (*P<0.05,  **P< 0.005,  Student’s  Ftest).  (a)  Rapamycin  reduces  NPM  5'  UTR-Fluc-NPM  3'  UTR  activity,  (b)  Activity  of 
GAPDH  5'  UTR-Fluc-GAPDH  3'  UTR  is  unchanged  upon  treatment  with  rapamycin.  (c)  Rapamycin  has  no  effect  on  NPM  5'  UTR- 
Fluc-GAPDH  3’  UTR  activity,  (d)  Activity  of  GAPDH  5'  UTR-Fluc-NPM  3'  UTR  is  abrogated  upon  rapamycin  treatment. 
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translation,  as  the  NPM  3'  UTR  alone  was  sufficient  to 
render  the  Flue  ORF  rapamycin-sensitive.  Given  that 
rapamycin  sensitivity  of  5'  terminal  oligopyrimidine 
tract  mRNAs  ranges  from  resistance  to  marked  repres¬ 
sion  (Patursky-Polischuk  et  al.,  2009),  these  data  are  in 
accordance  with  the  poorly  understood  role  of  the 
5'  terminal  oligopyrimidine  tract.  Our  findings  are 
consistent  with  reports  highlighting  the  paucity  of 
regulatory  protein-RNA  interactions  in  the  5'  UTR, 
but  the  abundance  of  examples  for  3'  UTR-protein 
regulation  (Jackson  et  al.,  2010). 


FBPl  interacts  specifically  with  the  NPM  3'  UTR 
Although  reporter  assay  data  (Figures  2a-d)  indicated 
that  only  the  NPM  3'  UTR  is  important  for  modulation 
of  the  NPM  mRNA,  we  undertook  an  unbiased 
approach  to  screen  for  putative  regulatory  binding 
proteins  of  the  NPM  5'  and  3'  UTRs.  We  utilized  an 
RNA  pull-down  assay  coupled  to  mass  spectrometry 
to  identify  proteins  that  bind  the  NPM  5'  or  3'  UTR. 
Whole  cell  lysates  prepared  from  Tscl~,~p53~l~  MEFs 
treated  with  vehicle  or  rapamycin  were  incubated  with 
biotinylated  NPM  5'  UTR  or  3'  UTR  RNA.  Several 
proteins  were  found  to  preferentially  interact  with  the 
NPM  3'  UTR,  but  none  appeared  to  bind  exclusively  to 
the  NPM  5'  UTR,  consistent  with  reporter  assay 
findings  (Figure  3a,  arrows).  We  next  employed  mass 
spectrometry  to  identify  putative  NPM  3'  UTR  binding 
proteins  and  confirmed  their  identities  as  FBPl,  FBP2 
(also  known  as  KHSRP  or  KSRP)  and  heterogeneous 
nuclear  ribonucleoprotein  A/B  (Figure  3a;  Supplemen¬ 
tary  Figure  3).  It  should  be  noted  that  mass  spectro¬ 
metry  also  identified  non-FBPl  and  2  peptides  from  the 
stained  bands  depicted,  suggesting  that  proteins  other 
than  FBPl  and  2  co-exist  at  this  molecular  weight  on  the 
gel.  As  the  A/B  subfamily  of  heterogeneous  nuclear 
ribonucleoproteins  refer  to  several  promiscuous,  multi¬ 
functional  RNA  binding  proteins  (He  and  Smith,  2009), 
subsequent  experiments  focused  on  evaluating  the  roles 
of  FBPs  in  NPM  translational  regulation. 

The  FBP  family  is  most  noted  for  its  transcriptional 
activation  of  c -myc  (Duncan  et  al.,  1994;  He  et  al., 
2000);  however,  the  FBPs  have  also  been  reported  to 
bind  several  RNAs,  though  in  vitro  studies  only  (Chung 
et  al.,  2006).  To  evaluate  FBP  binding  specificity,  we 
incubated  biotinylated  GAPDH  5'  UTR,  GAPDH  3' 
UTR,  NPM  5'  UTR  or  NPM  3'  UTR  RNA  with  whole 
cell  lysates  from  Tscl~'~p53~~  MEFs  treated  with 
vehicle  or  rapamycin.  FBPl  and  FBP2  were  visualized 
by  western  blot  analysis  of  UTR-precipitated  samples 
(Figure  3b).  Although  FBP3  was  not  identified  by  mass 
spectrometry  (Figure  3a;  Supplementary  Figure  3),  we 
also  analyzed  it  by  immunoblot  assay,  as  it  is  a  member 
of  the  highly  related  FBP  protein  family.  Consistent 
with  analyses  from  mass  spectrometry,  however,  FBP3 
was  undetectable.  FBPl  was  precipitated  exclusively  by 
the  NPM  y  UTR  (Figure  3b).  FBP2  was  precipitated 
predominantly  by  the  NPM  3'  UTR,  but  also  by  the 
GAPDH  3'  UTR  and  the  NPM  5'  UTR  in  vehicle- 
treated  cells  (Figure  3b).  The  more  promiscuous  RNA 
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Figure  3  FBPl  interacts  specifically  with  the  NPM  3'  UTR. 
(a)  Identification  of  NPM  3'  UTR  binding  proteins.  Lanes  indicated 
as  RNA  (-)  represent  samples  pre-cleared  with  streptavidin 
sepharose.  Arrows  indicate  proteins  selected  as  putative  regulatory 
binding  proteins  of  the  NPM  3'  UTR,  and  identified  proteins  are 
shown,  (b)  FBPl  specifically  interacts  with  the  NPM  3'  UTR. 
(c)  Endogenous  NPM  mRNAs  preferentially  bind  FBPl  in 
rapamycin-treated  cells.  FBPl  was  immunoprecipitated  from 
vehicle-treated  (— )  or  rapamycin-treated  (  +  )  Tscl  p53  j  MEF 
lysates  with  anti-FBPl  antibody.  Non-immune  goat  serum  (IgG) 
was  used  as  a  control.  NPM  mRNA  from  immunoprecipitates  was 
measured  by  qRT-PCR.  Data  are  mean  ±  s.d.  of  triplicate  samples 
from  three  independent  experiments  (*P<0.05,  Student’s  Ftest). 
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binding  by  FBP2  is  in  agreement  with  previous  reports 
implicating  FBP2  in  RNA  editing,  RNA  trafficking, 
RNA  stabilization  and  RNA  decay  (Min  et  al .,  1997; 
Kroll  et  al .,  2002;  Snee  et  al .,  2002;  Briata  et  al .,  2003, 
2005;  Gherzi  et  al.,  2004;  Li  et  al.,  2009).  However,  given 
that  the  interaction  of  FBP1  with  the  NPM  3'  UTR 
appeared  to  be  specific,  especially  in  the  presence  of 
rapamycin,  we  focused  on  the  role  of  FBP1  in 
modulating  NPM  translation. 

We  next  sought  to  verify  the  interaction  of  FBP1 
with  endogenous  NPM  mRNAs.  FBP1  was  immuno- 
precipitated  from  whole  cell  extracts  prepared  from 
Tscl~l~p53~l~  MEFs  treated  with  vehicle  or  rapamycin 
(Figure  3c,  top).  Total  RNA  was  isolated  from  FBP1 
immunoprecipitates,  and  bound  NPM  mRNA  was 
measured  by  quantitative  real-time  PCR.  Significantly 
higher  numbers  of  NPM  transcripts  were  associated 
with  FBP1  in  rapamycin-treated  cells  versus  vehicle- 
treated  cells  (Figure  3c,  bottom).  Interestingly,  FBP1 
protein  expression  dramatically  increased  upon  inhibi¬ 
tion  of  mTOR  (Supplementary  Figure  4),  suggesting 
that  the  enhanced  affinity  of  FBP1  for  the  NPM  3'  UTR 
in  the  presence  of  rapamycin  was  a  result  of  induced 
FBP1  expression.  Additionally,  we  did  not  observe 
any  post- translational  modification  in  identified  FBP1 
peptides  by  mass  spectrometry  (Supplementary 
Figure  3),  again  suggesting  that  a  change  in  FBP1 
expression  may  be  sufficient  to  drive  its  interaction  with 
the  NPM  3'  UTR. 
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FBP1  overexpression  represses  NPM  translation 
To  explore  the  functional  role  of  FBP1  in  NPM 
translational  regulation,  we  evaluated  the  effects  of 
FBP1  overexpression.  Ectopic  expression  of  Flag 
epitope-FBPl  in  Tscl~'~p53~h  MEFs  drastically 
reduced  NPM  protein  levels  (Figure  4a).  Consistent 
with  FBP1  functioning  as  a  translational  regulator  of 
NPM  expression,  NPM  mRNA  levels  remained  un¬ 
changed  upon  FBP1  overexpression  (Supplementary 
Figure  lb).  We  questioned  whether  FBP1  overexpres¬ 
sion  could  mimic  inhibition  of  mTOR  by  reducing 
polysome-associated  NPM  transcripts.  To  test  this, 
cytosolic  ribosomes  were  isolated  by  sucrose  gradient 
centrifugation  from  equal  numbers  of  Tscl~'~p53~h 
MEFs  transduced  with  vector  or  Flag-tagged  FBP1. 
Unlike  rapamycin  treatment,  FBP1  overexpression 
failed  to  dramatically  diminish  the  overall  formation 
of  polysomes  (Figure  4b).  Distribution  of  NPM 
transcripts  in  monosome/disome  and  polysome  frac¬ 
tions,  however,  was  analogous  to  the  NPM  mRNA 
distribution  observed  upon  inhibition  of  mTOR 
(Figure  4c  and  Figure  lc).  In  cells  overexpressing 
FBP1,  exclusion  of  NPM  mRNAs  from  polysomes 
and  accumulation  in  80S  fractions  was  visible  although 
less  pronounced  compared  with  the  shift  of  NPM 
transcripts  from  polysomes  to  monosomes/disomes 
measured  in  rapamycin-treated  cells  (Figure  4c  and 
Figure  lc). 

Mechanistically,  we  questioned  whether  FBP1  over¬ 
expression  induces  the  formation  of  processing  bodies  or 
stress  granules.  To  test  this,  we  transduced  Tscl~  ~p53~  ~ 


Figure  4  FBP1  overexpression  represses  NPM  translation. 

(a)  Overexpression  of  FBP1  results  in  reduced  NPM  protein  levels. 

(b)  Overexpression  of  FBP1  fails  to  affect  polysome  formation. 

(c)  NPM  mRNAs  are  excluded  from  actively  translating  polysomes 
upon  FBP1  overexpression.  Monosome/disome-  and  polysome- 
associated  NPM  mRNAs  were  measured  by  qRT-PCR  and 
were  calculated  as  percentage  of  total  NPM  mRNAs.  Data 
are  mean±s.d.  of  triplicate  samples  from  three  independent 
experiments. 

MEFs  with  vector  or  Flag-tagged  FBP1.  We  treated 
cells  with  arsenite  as  a  positive  control  to  stimulate 
processing  body  and  stress  granule  assembly  (Kedersha 
et  al.,  2005;  Wilczynska  et  al.,  2005;  Yu  et  al.,  2005). 
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As  demonstrated  by  immunofluorescent  detection  of 
TIA-1,  a  marker  of  stress  granules  (Yang  et  al.,  2006), 
arsenite  treatment  but  not  ectopic  expression  of  Flag- 
FBP1  induced  stress  granule  accumulation  (Supplemen¬ 
tary  Figure  5).  Thus,  FBPl  overexpression  is  not 
sufficiently  stressful  to  stimulate  aggregation  of  stalled 
translation  pre-initiation  complexes  (Kedersha  et  al., 
2005).  Nonetheless,  these  findings  demonstrate  that 
FBPl  represses  NPM  translation. 


Depletion  of  FBPl  enhances  NPM  translation  and  cell 
proliferation 

To  further  investigate  the  functional  role  of  FBPl 
as  a  translational  regulator  of  NPM  expression,  we 
transduced  Tscl~  ~p53~'~  MEFs  with  control  small 
interfering  (si)RNA  or  two  different  siRNAs  targeting 
murine  FBPl.  The  presence  of  FBPl-siRNA  #2  caused 
a  marked  reduction  in  FBPl  protein,  whereas  FBPl- 
siRNA  #3  yielded  a  more  modest  decrease  (Figure  5a). 
Increase  in  NPM  protein  expression  correlated  with  the 
amount  of  FBPl  reduction,  as  siRNA  #2  resulted  in 
higher  NPM  induction  than  that  observed  with  siRNA 
#3  (Figure  5a).  Again,  consistent  with  NPM  protein 
expression  being  regulated  independent  of  transcription, 
NPM  mRNA  levels  remained  constant  in  the  presence 
of  either  siRNA  targeting  FBPl  (Supplementary 
Figure  lc). 

We  next  wanted  to  determine  whether  depletion 
of  FBPl  leads  to  enhanced  polysome-associated 
NPM  transcripts.  We  isolated  cytosolic  ribosomes  by 
sucrose  gradient  centrifugation  from  equal  numbers  of 
Tscl~l~p53~l~  MEFs  transduced  with  control  siRNA 
or  two  siRNAs  targeting  FBPl.  Depletion  of  FBPl 
resulted  in  elevated  formation  of  polysomes  actively 
engaged  in  mRNA  translation  (Figure  5b).  As  observed 
with  NPM  protein  induction  (Figure  5a),  polysome 
enhancement  corresponded  with  the  degree  of  FBPl 
reduction  (Figure  5b).  Furthermore,  also  relative  to  the 
amount  of  FBPl  depletion,  NPM  transcripts  associated 
with  actively  translating  polysomes  were  dramatically 
elevated  in  the  presence  of  siRNAs  targeting  FBPl 
compared  with  control  siRNA  (Figure  5c). 

Based  on  the  striking  enhancement  of  ribosome 
recruitment  to  NPM  mRNAs  observed  upon  FBPl 
depletion  and  previous  reports  demonstrating  the 
ability  of  NPM  to  potently  promote  proliferation 
(Maggi  et  al.,  2008;  Brady  et  al.,  2009),  we  sought  to 
explore  the  effects  of  FBPl -mediated  NPM  induction  on 
cellular  proliferation.  In  cells  depleted  of  FBPl,  we 
observed  increased  proliferation  rates  relative  to 
control  siRNA-transfected  cells  (Figure  5d).  Again, 
enhancement  of  proliferation  correlated  with  the 
amount  of  FBPl  reduction.  Importantly,  enhanced 
proliferation  was  abrogated  in  cells  depleted  of  FBPl 
and  NPM  (Figure  5e),  indicating  that  elevated 
NPM  protein  expression  indeed  underlies  the  increased 
proliferation  rates  observed  upon  FBPl  depletion. 
Taken  together,  these  findings  indicate  that  FBPl  is 
necessary  to  restrain  NPM  translation  and,  thereby,  cell 
proliferation. 
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Figure  5  FBPl  depletion  enhances  NPM  translation,  (a)  FBPl 
knockdown  increases  levels  of  NPM  protein.  Tscl~  ~p53~  ~  MEFs 
were  transfected  with  control  siRNA  (siCTL)  or  two  different 
siRNAs  targeting  FBI.  (b)  Knockdown  of  FBPl  results  in 
increased  polysome  formation,  (c)  NPM  mRNAs  are  recruited  to 
actively  translating  polysomes  upon  FBPl  depletion.  Monosomal/ 
disomal  and  polysomal  NPM  mRNAs  were  measured  by  qRT- 
PCR  and  were  calculated  as  percentage  of  total  NPM  mRNAs. 
Data  are  mean  ±  s.d.  of  triplicate  samples  from  three  independent 
experiments,  (d)  Knockdown  of  FBPl  leads  to  enhanced  cell 
proliferation,  (e)  Co-depletion  of  FBPl  and  NPM  abrogates 
elevated  cell  proliferation. 


Discussion 

Here,  we  have  demonstrated  that  NPM  expression  is 
regulated  at  the  level  of  translation  and  that  the  3'  UTR 
of  the  NPM  mRNA  is  sufficient  to  confer  rapamycin 
sensitivity  to  a  reporter  ORF.  Further  analyses  identi¬ 
fied  FBPl  as  a  protein  that  selectively  interacts  with  the 
NPM  3'  UTR.  FBPl  overexpression  and  knockdown 
data  are  consistent  with  FBPl  functioning  to  negatively 
regulate  translation  of  NPM  mRNAs. 

Though  we  have  demonstrated  that  NPM  mRNAs 
are  largely  excluded  from  polysomes  by  FBPl,  further 
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studies  will  be  needed  to  provide  insight  into  the  precise 
mechanism  by  which  FBP1  binding  to  the  NPM  3'  UTR 
negatively  regulates  NPM  translation.  It  appears  that 
FBP1  represses  NPM  translation  by  interfering  with 
translation  initiation,  as  the  shift  in  NPM  mRNA 
distribution  from  polysomes  to  monosomes/disomes  is 
indicative  of  a  reduced  translation  initiation  rate 
(Meyuhas,  2000). 

Collectively,  our  data  suggest  that  FBP1  acts  as  a 
suppressor  of  proliferation  through  its  direct  repression 
of  NPM  translation.  This  is  consistent  with  the 
requirement  of  NPM  expression  for  continued  cellular 
proliferation  and  growth  both  in  vitro  and  in  vivo 
(Grisendi  et  al .,  2005;  Maggi  et  al .,  2008;  Brady  et  al ., 
2009).  By  targeting  NPM,  FBP1  appears  to  at  least 
mimic  the  functional  activity  of  the  ARF  tumor 
suppressor.  Numerous  studies  have  shown  that  ARF 
binds  directly  to  NPM  to  inhibit  its  activity  and  prevent 
cell  growth  (Itahana  et  al .,  2003;  Bertwistle  et  al .,  2004; 
Brady  et  al .,  2004).  Through  its  ability  to  repress  NPM 
translation,  FBP1  also  antagonizes  NPM  to  suppress 
cell  growth  and  proliferation.  Of  particular  interest  is 
the  question  of  whether  FBP1,  like  ARF,  utilizes  its 
anti-NPM  function  to  serve  as  a  tumor  suppressor. 


Materials  and  methods 

Cell  culture  and  transfection 

Tscl~  ~p53~  ~  MEFs  were  maintained  in  DMEM  supplemen¬ 
ted  as  described  previously  (Pelletier  et  al .,  2007).  For 
bioluminescence  assays,  transfections  were  performed  using 
Lipofectamine  2000  transfection  reagent  (Invitrogen,  Carls¬ 
bad,  CA,  USA).  All  other  transfections  were  carried  out  using 
the  Nucleofector  system  (Amaxa,  Walkersville,  MD,  USA) 
according  to  the  manufacturer’s  instructions. 

5'  RACE  and  3'  UTR  sequences 

Sequences  of  the  GAPDH  and  NPM  5'  UTRs  were  obtained 
by  5'  RACE  using  GeneRacer  (Invitrogen)  according  to  the 
manufacturer’s  instructions.  For  the  GAPDH  5'  UTR  and 
the  NPM  5'  UTR,  the  forward  GeneRacer  5'  nested  primer  (5'- 
GG  AC  ACT  G  AC  AT  GG  ACT  G  A  AGG  AGT  A-  3 ')  was  used. 
For  the  GAPDH  5'  UTR,  we  used  the  following  gene-specific 
reverse  primer:  5'-GC  ATT GCT GAC AATCTT GAGT GAG 
TTG-3'.  The  following  gene-specific  reverse  primer  was  used 
for  the  NPM  5'  UTR:  5'-CATGTCCATATCCATCGAGT 
CTTCCAT-3'.  Sequences  of  the  GAPDH  and  NPM  3'  UTRs 
were  obtained  from  GenBank  (accession  numbers 
NM_008084.2  and  BC054755.1,  respectively). 

Plasmids 

The  GAPDH  5'  UTR,  GAPDH  3'  UTR,  NPM  5'  UTR  and 
NPM  y  UTR  were  PCR-amplified  from  genomic  DNA  of 
wild  type  C57BL/6  mice.  The  following  primers  were  used: 
GAPDH  5'  UTR:  forward,  5'-CTCTCTGCTCCTCCCTGTT 
CCAG-3';  reverse,  5/-TTTGTCTACGGGACGAGGCTG-3/; 
GAPDH  3'  UTR:  forward,  5'-GAAACCCTGGACCACC 
CACCCC-3';  reverse,  5'_ttTTTTTTTTTTTTTTTTT-3'; 
NPM  5'  UTR:  forward,  5'-CTTTCCTTGGCGTGATTCCG- 
3';  reverse,  5'-GAGGT GGAGGCGCGC ACTT-3' ;  NPM  3r 
UTR:  forward,  5'  -  G  A  A  A  AGGGTTT  A  A  AC  AG-  3 ' ;  reverse, 
5 '  -TTTTTTTTTTTTTTTTTTT -  3 ' .  The  GAPDH  5'  UTR,  GA 


PDH  3'  UTR,  NPM  5'  UTR  and  NPM  3'  UTR  PCR  products 
were  cloned  into  the  pCR  2.1-TOPO  vector  (Invitrogen)  for 
use  in  in  vitro  transcription.  For  bioluminescence  assays,  the 
GAPDH  5'  UTR  and  the  NPM  5'  UTR  were  sub-cloned  into 
the  Hindlll  and  Ncol  sites  of  the  pGF3-Control  vector 
(Promega,  Madison,  WI,  USA).  The  GAPDH  3'  UTR  and  the 
NPM  3'  UTR  were  sub-cloned  into  the  Xbal  and  Hpal  sites  of 
pGF3-Control.  pRluc-N3(h)  (BioSignal  Packard,  Waltham, 
MA,  USA)  was  used  as  a  control  for  transfection  efficiency. 

Western  blot  analyses 

Tscl~!~p53~  ~  MEFs  were  lysed  by  sonication  in  EBC  buffer  as 
previously  described  (Maggi  et  al.,  2008).  The  following 
antibodies  were  used  at  the  dilutions  indicated:  anti-NPM 
(Santa  Cruz,  Santa  Cruz,  CA,  USA,  sc6013;  1:1000),  anti-y- 
tubulin  (Santa  Cruz,  sc  17787;  1:500),  anti-FBPl  (Abeam, 
Cambridge,  MA,  USA,  ab28732;  1:1600;  western  blot  only), 
anti-FBPl  (Santa  Cruz,  sell  101;  1:500;  immunoprecipitation 
only),  anti-FBP2  (Abnova,  Taipei  City,  Taiwan,  H00008570- 
A01;  1:2000),  anti-FBP3  (Santa  Cruz,  sclll03;  1:500),  and 
anti-Flag  M2  (Sigma,  St  Fouis,  MO,  USA,  F1804;  1:1000). 
ImageScanner  III  (GE  Healthcare,  Piscataway,  NJ,  USA)  was 
used  to  scan  autoradiograms,  and  densities  were  measured 
with  ImageQuant  V.  2005  (GE  Healthcare). 

Immunoprecipitations 

Tscl~/~p53~l~  MEFs  were  treated  with  vehicle  or  rapamycin 
for  48  h  and  lysed  by  sonication  in  EBC  buffer  as  described 
above.  Whole  cell  lysates  (500  pg)  were  pre-cleared  with  50  pi 
of  protein  A/G  PLUS-agarose  (Santa  Cruz,  sc2003)  for  1  h  at 
4  °C  with  rotation.  Pre-cleared  lysates  were  then  subjected  to 
immunoprecipitation  using  anti-FBPl  antibody  (Santa  Cruz, 
sell  101)  or  non-immune  goat  serum  (Santa  Cruz,  2028). 

Quantitative  RT-PCR 

Total  RNA  was  extracted  from  Tscl~l~p53~l~  MEFs  with 
KNA-Solv  (Omega  Bio-tek,  Norcross,  GA,  USA).  Reverse 
transcription  reactions  were  performed  using  the  Superscript 
III  first-strand  synthesis  system  (Invitrogen)  with  oligo  d(T) 
primer  according  to  the  manufacturer’s  instructions.  Real-time 
PCR  was  performed  on  an  iCycler  apparatus  (Bio-Rad, 
Hercules,  CA,  USA).  To  amplify  NPM  and  GAPDH  mRNAs 
from  monosome/disome  and  polysome  fractions,  we  used 
SsoFast  EvaGreen  supermix  (Bio-Rad)  and  the  following 
primers:  NPM:  forward,  5'-GGAAGACTCGATGGATA 
TGG-3';  reverse,  5/-CTTCAACCGTAAGACCACAGG-3/; 
GAPDH:  forward,  5'-GCTGGGGCTCACCTGAAGGG-3'; 
reverse,  5/-GGATGACCTTGCCCACAGCC-3/.  To  measure 
NPM  mRNA  in  immunoprecipitates,  the  primers  used  are 
described  above.  Numbers  of  NPM  transcripts  per  cell  were 
calculated  by  extrapolation  from  a  standard  curve  generated 
from  serial  dilutions  of  a  known  quantity  of  subcloned  NPM 
complementary  DNA.  To  amplify  NPM  mRNA  or  firefly 
luciferase  mRNA  not  isolated  from  ribosome  fractions  or 
immunoprecipitates,  iQ  Sybr  green  supermix  (Bio- Rad)  was 
used.  Histone  3.3  mRNA  was  amplified  as  an  expression 
control.  For  NPM,  the  primers  used  are  described  above.  The 
following  other  primers  were  used:  firefly  luciferase:  forward, 
5'  -CCCT  GGTT  CCT  GG  A  AC  A  ATT  -  3 ' ;  reverse,  5'-GCAACC 
CCTTTTTGGAAACG-3';  histone  3.3:  forward,  5'-CGTG 
A  A  AT  C  AG  ACGCT  AT  C  AG  A  A-  3 ' ;  reverse,  5'-TCGCACCA 
GACGCTGAAAG-3'. 

Bioluminescence  imaging 

Phenol  red-free  DMEM  was  supplemented  with  10%  fetal 
bovine  serum  and  with  D-luciferin  (150  pg/ml;  Biosynth,  Itasca, 


56 


Oncogene 


84 


FBPl  regulates  NPM  translation 

ME  Olanich  et  al 


IL,  USA)  or  coelenterazine  (1  pg/ml;  Biotium,  Hayward,  CA, 
USA).  Assay  plates  were  imaged  using  an  IVIS100  imaging 
system  (Xenogen  Caliper,  Hopkinton,  MA,  USA).  Acquisition 
parameters  were  as  follows:  acquisition  time,  60s  (firefly 
luciferase)  or  300  s  ( Renilla  luciferase);  binning,  4;  field  of  view, 
10  cm;  f/stop,  1;  filter,  open.  Photon  flux  data  were  analyzed 
with  Living  Image  (Xenogen  Caliper)  and  Igor  (Wavemetrics, 
Portland,  OR,  USA)  image  analysis  software  platforms,  and 
expressed  as  the  ratio  of  Flue  to  Rluc  as  described  (Gross  and 
Pi wnica- Worms,  2005). 

Ribosome  fractionation 

Cells  were  treated  with  cycloheximide  (lOpg/ml)  before 
harvesting  and  counting.  Equal  numbers  of  cells  (3  x  106) 
were  lysed,  and  cytosolic  extracts  were  subjected  to  ribosome 
fractionation  as  previously  described  (Strezoska  et  al .,  2000) 
using  a  density  gradient  system  (Teledyne  ISCO,  Lincoln,  NE, 
USA). 

In  vitro  transcription 

DNA  templates  for  in  vitro  transcription  were  GAPDH  5' 
UTR,  GAPDH  3'  UTR,  NPM  5'  UTR  and  NPM  3'  UTR 
PCR  products  cloned  into  the  pCR  2.1-TOPO  vector 
(Invitrogen).  To  increase  proximity  of  the  UTR  sequence  to 
the  T7  promoter,  we  excised  the  EcoRV-Apal  fragment 
between  the  PCR  product  and  T7  promoter.  DNA  was 
linearized  by  digestion  with  BstXI.  We  used  the  Megashort- 
script  kit  (Ambion,  Austin,  TX,  USA)  for  transcription  with 
0.5  mM  biotinylated  UTP  (Enzo  Life  Sciences,  Plymouth 
Meeting,  PA,  USA)  and  7.5 mM  ATP,  CTP,  GTP  and  UTP. 

RNA  pull-down  assay 

For  analysis  by  mass  spectrometry,  whole  cell  lysates  (500  pg) 
prepared  from  Tscl~  ~p53~  ~  MEFs  treated  with  vehicle  or 
rapamycin  were  pre-cleared  with  50  pi  streptavidin  sepharose 
(GE  Healthcare).  Pre-cleared  lysates  were  then  incubated  with 
biotinylated  GAPDH  5'  or  3'  UTR  RNA  or  NPM  5'  or  3' 
UTR  RNA  (20  pg)  in  binding  buffer  (10 mM  HEPES  (pH  7.5), 
90  mM  potassium  acetate,  1.5  mM  magnesium  acetate,  40  mM 
KC1,  2.5  mM  DTT,  0.05%  NP40,  protease  inhibitor  cocktail 
and  0.5  mM  PMSF).  Protein  and  biotinylated  RNA  mixtures 
were  recovered  by  incubation  with  50  pi  streptavidin  sephar¬ 
ose.  Eluted  proteins  were  separated  on  10%  polyacrylamide 
SDS  gels  and  stained  with  SYPRO-Ruby  dye.  To  validate 
results  from  mass  spectrometry,  RNA  pull-down  assays  were 
performed  as  described,  but  amounts  of  whole  cell  lysate  and 
biotinylated  UTR  RNA  were  halved. 

Nano-LC  FT-mass  spectrometry  (MS)  analysis 
MS  was  performed  using  the  system  previously  described 
(King  et  al .,  2006).  The  survey  scans  (m/z  =  350-2000)  were 
acquired  using  FTICR-MS  with  a  resolution  of  100000  at  m/ 
z  =  421.75  with  a  target  value  of  500000.  The  ten  most  intense 
ions  from  survey  scans  were  isolated  in  the  ion  trap  and 
analyzed  after  reaching  a  target  value  of  10  000.  The  MS/MS 
isolation  width  was  2.5  Da  and  the  normalized  collision  energy 


was  35%  using  wide  band  activation.  The  electro  spray 
ionization  was  accomplished  with  a  spray  voltage  of  2.2  kV 
without  sheath  gas.  The  ion  transfer  tube  temperature  was 
200  °C. 

RNA  interference 

The  following  HP  GenomeWide  (Qiagen,  Valencia,  CA,  USA) 
siRNA  oligonucleotides  were  used:  FBPl -2  (5'-CAGG 
A ACGGGCT GGT GTT AAA- 3 ') ,  FBP1-3  (5'-ATGCTTTGT 
GATATAAATGTA-3')  and  NPM  1-3  (5'-CAAGTTCATT 
AATTATGTGAA  -3').  As  a  control,  si  CONTROL  RISC-free 
siRNA  (Dharmacon,  Lafayette,  CO,  USA,  D-  001220-01-05) 
was  used.  Tscl~,~p53~l~  MEFs  (2  x  106)  were  transfected  with 
0.2  nM  of  oligonucleotide  using  the  Nucleofector  system 
(Amaxa)  according  to  the  manufacturer’s  instructions.  Cells 
were  assayed  48  h  after  transfection. 

FBPl  overexpression 

Tscl~l~p53~l~  MEFs  (2  x  106)  were  transfected  with  pGL3 
Control  (Promega;  2pg)  or  Flag-FBPl  (Origene,  Rockville, 
MD,  USA;  2pg)  using  the  Nucleofector  system  (Amaxa) 
according  to  the  manufacturer’s  instructions.  Cells  were 
assayed  24  h  post-transfection. 

Immunofluorescence 

Tscl~'~p53~l~  MEFs  were  transduced  with  pGL3  Control 
(Promega;  2pg)  or  Flag-FBPl  (Origene;  2pg)  using  the 
Nucleofector  system  (Amaxa).  To  induce  formation  of  stress 
granules,  cells  were  treated  with  0.5  mM  sodium  arsenite 
(Sigma,  S7400)  for  1  h.  Cells  were  fixed  with  4%  paraform¬ 
aldehyde  and  were  permeabilized  with  methanol.  The  following 
antibodies  were  used  at  the  dilutions  indicated:  anti-Flag  M2 
(Sigma,  FI 804;  1:100)  and  anti-TIA-1  (Santa  Cruz,  scl751;  1:100). 
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Abstract 

The  pl9ARF  tumor  suppressor  limits  ribosome  biogenesis  and  responds  to  hyperproliferative  signals  to 
activate  the  p53  checkpoint  response.  Although  its  activation  of  p53  has  been  well  characterized,  the  role  of 
ARF  in  restraining  nucleolar  ribosome  production  is  poorly  understood.  Here  we  report  the  use  of  a  mass 
spectroscopic  analysis  to  identify  protein  changes  within  the  nucleoli  of  Ar/Meficient  mouse  cells.  Through 
this  approach,  we  discovered  that  ARF  limited  the  nucleolar  localization  of  the  RNA  helicase  DDX5,  which 
promotes  the  synthesis  and  maturation  of  rRNA,  ultimately  increasing  ribosome  output  and  proliferation. 
ARF  inhibited  the  interaction  between  DDX5  and  nucleophosmin  (NPM),  preventing  association  of  DDX5 
with  the  rDNA  promoter  and  nuclear  pre-ribosomes.  In  addition,  Ar/Meficient  cells  transformed  by  oncogenic 
RasV12  were  addicted  to  DDX5,  because  reduction  of  DDX5  was  sufficient  to  impair  RasV12-driven  colony 
formation  in  soft  agar  and  tumor  growth  in  mice.  Taken  together,  our  findings  indicate  that  DDX5  is  a  key 
p53-independent  target  of  the  ARF  tumor  suppressor  and  is  a  novel  non-oncogene  participant  in  ribosome 
biogenesis.  Cancer  Res;  71(21);  6708-17.  ©2011  AACR. 


Introduction 

The  role  of  ARF  in  regulating  p53  is  well  established,  but  the 
mechanisms  by  which  it  exerts  its  p53-independent  tumor 
suppressor  function  are  yet  to  be  fully  characterized.  A  com¬ 
mon  theme  in  p53-independent  activity  of  ARF  is  its  ability  to 
regulate  nucleolar  ribosome  biogenesis  (1,  2),  but  mechanistic 
details  of  its  involvement  have  remained  elusive.  Understand¬ 
ing  the  p53-independent  functions  of  ARF  in  the  nucleolus  is  an 
increasingly  important  focus  in  cancer  biology. 

The  nucleolus  is  a  dynamic  organelle  that  assembles  around 
ribosomal  DNA  (rDNA)  repeats  and  is  the  cellular  center  for 
ribosome  biogenesis.  Characterization  of  the  nucleolar  prote- 
ome  has  revealed  the  broad  spectrum  of  resident  proteins  (3). 
As  nucleoli  lack  membranes,  proteins  freely  diffuse  into  and 
out  of  nucleoli  in  response  to  varying  conditions  (4).  Some  of 
the  most  important  residents  of  nucleoli  are  proteins  that 
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regulate  ribosome  production,  including  pl9ARF  (pl4ARF  in 
humans). 

The  canonical  function  of  ARF  is  to  activate  p53  by  binding 
and  sequestering  the  p53  inhibitor  Mdm2  (5-8).  Arf  null  mice 
develop  spontaneous  tumors  consisting  of  predominantly 
fibrosarcomas  and  lymphomas  (9,  10).  However,  ARF  also 
possesses  p53-independent  roles  that  contribute  to  its  growth- 
inhibitory  function  and  suppression  of  tumorigenesis  (11).  For 
example,  basal  ARF  maintains  nucleolar  structure  and  func¬ 
tion  (12),  at  least  in  part,  through  its  ability  to  interact  with 
nucleophosmin  (NPM;  refs.  1,  13-16).  The  ability  of  ARF  to 
regulate  the  nucleolar  localization  of  Mdm2  (6)  and  the  nuclear 
export  of  NPM  (15)  suggests  that  ARF  may  monitor  nucleolar 
function  by  regulating  the  composition  of  the  nucleolar  pro- 
teome.  To  determine  how  the  presence  or  absence  of  basal  ARF 
affects  nucleolar  protein  composition,  we  conducted  a  prote- 
omic  screen  using  isolated  nucleoli  from  wild-type  and  Arf~'~ 
mouse  embryonic  fibroblasts  (MEF).  Among  the  proteins 
enriched  in  nucleoli  in  the  absence  of  Arf  was  DDX5,  a 
DEAD-box  protein  also  known  as  p68  RNA  helicase. 

The  DEAD-box  family  of  RNA  helicases  is  defined  by  a 
conserved  Asp-Glu-Ala-Asp  motif  that  interacts  with  Mg2+ 
and  is  involved  in  ATP  hydrolysis  (17).  DEAD-box  proteins  also 
contain  several  conserved  motifs  that  have  been  shown  to 
function  in  ATP  binding,  ATPase  activity,  and  helicase  activity 
(18).  Many  cellular  functions  of  DEAD-box  RNA  helicases  have 
been  attributed  to  RNA  duplex  unwinding  and  ribonucleopro- 
tein  (RNP)  complex  remodeling  (19).  In  yeast,  several  RNA 
helicases  have  been  shown  to  facilitate  ribosome  biogenesis 
(20),  which  involves  both  the  processing  of  rRNA  as  well  as  its 
assembly  into  functional  RNP  complexes.  Given  that  the 
cellular  center  for  ribosome  synthesis  is  the  nucleolus,  it  is 
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not  surprising  that  many  RNA  helicases  have  been  identified  as 
components  of  the  nucleolar  proteome  (1,  4). 

The  involvement  of  several  known  oncogenes  and  tumor 
suppressors  in  the  regulation  of  protein  synthesis  under¬ 
scores  the  importance  of  ribosomes  and  mRNA  translational 
control  in  cancer  (21).  Thus,  the  ability  of  ARF  to  direct 
balanced  RNA  metabolism  in  the  nucleolus  could  provide 
insights  into  how  this  major  cellular  axis  might  impact 
tumorigenesis.  Apart  from  its  classical  function  as  a  sensor 
of  hyperproliferative  signals  (22-24),  we  now  show  that  ARF 
limits  non-oncogene-driven  ribosome  biogenesis  to  inhibit 
cellular  transformation. 

Materials  and  Methods 

Cell  culture  and  reagents 

Primary  MEFs  were  isolated  and  cultured  as  described  (15). 
Rabbit  anti-DDX5  (A300-523A)  was  purchased  from  Bethyl 
Laboratories.  Mouse  anti-NPM  (catalog  no.  32-5200)  was  pur¬ 
chased  from  Zymed.  Rat  anti-pl9ARF  (ab26696)  was  pur¬ 
chased  from  Abeam.  H-Ras,  p21,  and  y-tubulin  antibodies 
were  purchased  from  Santa  Cruz  Biotechnology. 

Nucleolar  isolation 

Nucleoli  were  isolated  from  2  x  108  cells,  essentially  as 
described  by  Andersen  and  colleagues  (3).  Additional  details 
for  the  nucleolar  isolation  protocol  are  included  with  the 
Supplementary  Material. 

Proteomic  analysis 

Gel  preparation,  analysis,  and  mass  spectrometry  were  done 
as  previously  described  (25).  Wild-type  nucleolar  isolates  were 
labeled  with  Cy3  and  Arf~!~  nucleolar  isolates  were  labeled 
with  Cy5.  Samples  were  mixed  and  subjected  to  2-dimensional 
(2D)  SDS-PAGE.  First-dimension  isoelectric  focusing  was  done 
on  immobilized  pH  gradient  strips  in  an  Ettan  IPGphor  system 
(GE  Healthcare).  Second-dimension  separation  was  done  on 
10%  isocratic  SDS-PAGE  gels  (20  x  24  cm).  Imaging  was  done 
using  a  Typhoon  9400  scanner  (GE  Healthcare)  and  Decyder 
DIA  and  BVA  software  (GE  Healthcare)  was  used  to  quantify 
matched  gel  spots.  Spots  showing  more  than  2-fold  differences 
in  intensity  were  isolated  and  identified  by  matrix-assisted 
laser  desorption/ionization-time-of-flight/time-of-flight  mass 
spectrometry. 

Immunofluorescence 

Cells  were  fixed  with  4%  paraformaldeyde  in  PBS  for 
10  minutes.  Cells  were  permeabilized  with  1%  NP-40,  blocked 
in  5%  FBS,  and  stained  with  rabbit  anti-DDX5  and  mouse  anti- 
NPM,  followed  by  fluorescein  isothiocyanate  (FITC)-conjugat- 
ed  anti-mouse  and  Rhodamine-X-conjugated  anti-rabbit 
(both  from  Jackson  Immuno Research).  Samples  were  counter- 
stained  with  4',  6-diamidino-2-phenylindole  and  mounted  with 
Vectashield  (Vector  Labs).  Four  independent  MEF  isolates 
were  used  to  assess  localization  of  DDX5.  Images  were 
acquired  using  a  xlOO  oil  immersion  lens  on  a  Zeiss  LSM5 
Pascal  Vario  Two  UGB  coupled  to  Axiovert  200  confocal 
microscope. 


Quantitative  real-time  PCR 

Total  RNA  was  isolated  from  wild-type  and  Arf~f~  MEFs 
using  Illustra  RNAspin  columns  (GE  Healthcare)  according  to 
manufacturer's  protocol.  First-strand  cDNA  synthesis  and  real¬ 
time  PCR  were  done  as  previously  described  (26). 

[methyl-3H] -methionine  labeling  of  rRNA 

Equal  numbers  of  MEFs  were  subjected  to  starvation  in 
methionine-free  media  containing  10%  dialyzed  FBS  for 
15  minutes.  Cells  were  treated  with  50  pCi/mL  [methyl-3H]- 
methionine  and  chased  in  complete  media  containing  an 
excess  of  unlabeled  methionine  (10  pmol/L)  for  the  indicated 
times.  Samples  were  lysed  in  RNASolv  reagent  (Omega  Biotek) 
and  extracted  RNA  was  separated  on  agarose-formaldehyde 
gels  and  transferred  to  a  Hybond  XL  membrane  (GE  Health¬ 
care).  The  membrane  was  cross-linked  and  sprayed  with 
En3Hance  (Perkin-Elmer)  prior  to  autoradiography.  Band 
intensities  were  quantitated  using  ImageQuant  TL  (Amersham 
Biosciences). 

Chromatin  immunoprecipitation 

Wild-type  and  Arf~!~  MEFs  were  cross-linked  with  form¬ 
aldehyde  and  cell  lysates  were  immunoprecipitated  with  the 
indicated  antibodies  at  4°C  overnight.  Samples  were  then 
washed  with  low  salt,  high  salt,  LiCl,  and  TE  buffers,  prior  to 
elution.  Cross-links  were  reversed  by  addition  of  NaCl  and 
samples  were  subjected  to  RNase  A  and  proteinase  K  treat¬ 
ments.  DNA  was  purified  from  samples  using  QIAquick  PCR 
purification  kits  (QIAGEN).  Quantitative  real-time  PCR  (qRT- 
PCR)  was  done  as  detailed  above  with  primer  sets  specific  to 
rDNA  loci.  Additional  details  for  the  chromatin  immunopre¬ 
cipitation  (ChIP)  protocol  are  provided  in  Supplementary 
Material. 

rRNA  immunoprecipitation 

Arf~'~  MEFs  were  starved  as  described  above  and  labeled 
with  [methyl-3H] -methionine  for  4  hours.  Cells  were  harvested, 
lysed,  and  subjected  to  immunoprecipitation  and  RNA  extrac¬ 
tion  as  previously  described  (26). 

Ribosome  fractionation 

Cells  were  treated  with  cycloheximide,  collected,  and  frac¬ 
tionated  by  sucrose  gradient  centrifugation  as  previously 
described  (26).  Total  protein  was  precipitated  from  individual 
fractions  with  trichloroacetic  acid  and  analyzed  by  Western 
blot. 

Foci  formation  and  proliferation  assays 

MEFs  were  plated  in  triplicate  at  the  indicated  concentra¬ 
tions  and  foci  formation  and  proliferation  assays  were  con¬ 
ducted  as  previously  described  (27). 

Soft  agar 

Arf~  ~~  MEFs  were  infected  with  short  hairpin  RNAs 
(shRNA)  against  luciferase  or  DDX5,  prior  to  infection  with 
either  RasV12  or  empty  vector  (pBabe).  Cells  were  seeded  onto 
soft  agar  at  104  cells  per  6-cm2  dish  and  grown  for  3  weeks.  Cells 
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were  relayered  with  soft  agar  on  a  weekly  basis  and  visible 
colonies  were  counted  after  3  weeks. 

Tumorigenesis  assay 

Arf~!~  MEFs  were  infected  with  RasV12  and  either  shDDX5 
or  shSCR.  Fibroblasts  were  trypsinized  and  resuspended  in  PBS 
at  a  concentration  of  2  x  107  cells/mL.  Athymic  nude  mice 
were  injected  s.c.  with  2  x  106  cells  along  their  left  flank,  with 
sample  sizes  of  5  mice  per  condition.  Tumor  size  was  mon¬ 
itored  over  an  18-daytime  course  using  calipers  to  measure  the 
tumors  in  2  dimensions.  Tumor  volume  was  calculated  using 
the  formula: 

Volume  =  [(height)2  x  length] /2,  in  which  height  equals  the 
smallest  of  the  2  measurements. 

Results 

pl9ARF  interferes  with  the  nucleolar  localization  of 
DDX5  RNA  helicase 

A  proteomic  screen  was  conducted  to  identify  targets  that 
displayed  differential  nucleolar  localization  in  the  presence  or 
absence  of  basal  ARF.  Adapting  a  protocol  from  Andersen  and 
colleagues  (3),  we  isolated  nucleoli  from  wild-type  and  Arf~'~ 
MEF s.  Isolated  nucleoli  maintained  in  vivo  morphology  (Fig.  1A) 
were  positive  for  nucleolar  proteins  by  immunofluorescence 
(Fig.  IB)  and  were  free  of  nucleoplasmic  contaminants  (Fig.  1C). 
Nucleolar  isolates  were  subjected  to  comparative  2D  differen¬ 
tial  gel  electrophoresis  (2D-DIGE)  proteomic  analysis.  Twenty- 
six  spots  which  showed  differences  greater  than  2.5  SDs  from 
the  mean  change  were  excised,  and  19  were  positively  identified 
by  mass  spectroscopy  (Supplementary  Table  SI).  Among  the 
differences  between  wild-type  and  Arf~l~  MEFs,  enhanced 
nucleolar  expression  (10-fold)  of  DDX5  RNA  helicase  was 
observed  in  the  absence  of  Arf  (Fig.  ID).  Immunofluorescence 
revealed  enhanced  nucleolar  colocalization  of  DDX5  with  NPM 
in  Arf~,~  MEFs  (Fig.  IE).  Biochemical  fractionation  confirmed 
the  increased  presence  of  DDX5  in  Arf~'~  nucleoli  relative  to 
wild-type  nucleoli  (Fig.  IF). 

To  investigate  whether  nucleolar  exclusion  of  DDX5  is 
mediated  by  ARF  through  its  activation  of  p53,  we  treated 
Arf  MEFs  with  nutlin-3,  a  pharmacologic  inhibitor  of 
Mdm2.  Instead  of  stimulating  DDX5  nucleolar  exclusion, 
nucleolar  localization  of  DDX5  persisted  in  the  presence  of 
nutlin-3  (Supplementary  Fig.  SI).  This  shows  that  p53  activa¬ 
tion  is  not  responsible  for  the  ARF-dependent  nucleolar  exclu¬ 
sion  of  DDX5  observed  in  wild-type  MEFs,  consistent  with  a 
p53-independent  role  for  ARF  in  regulating  DDX5  localization. 

ARF  regulates  the  association  of  DDX5  with  rDNA,  rRNA, 
and  nuclear  preribosomes 

The  nucleolar  localization  of  DDX5,  along  with  its  function 
as  an  RNA  helicase,  suggested  that  DDX5  might  be  involved  in 
the  biogenesis  of  rRNA.  The  regulation  of  DDX5  localization  by 
basal  ARF  led  us  to  investigate  whether  ARF  could  control 
ribosome  biogenesis  through  regulation  of  DDX5  function. 
Both  pl9ARF  (mouse)  and  pl4ARF  (human)  inhibit  rRNA 
transcription  (12,  28,  29),  and  DDX5  has  been  ascribed  roles 
as  a  transcriptional  regulator  (18).  However,  it  is  unknown 


whether  DDX5  regulates  transcription  at  nucleolar  rDNA  loci. 
We  conducted  ChIP  experiments  to  determine  whether  DDX5 
associated  with  the  rDNA  promoter  at  2  previously  identified 
binding  sites  of  the  RNA  polymerase  I  transcription  factor  UBF 
(30).  ARF  regulated  DDX5  association  with  these  sites,  such 
that  DDX5  occupancy  at  the  rDNA  promoter  was  over  2-fold 
greater  in  Arf~f~  MEFs  compared  with  wild-type  MEFs 
(Fig.  2A). 

In  addition,  DDX5  has  been  shown  to  be  involved  in 
processing  of  the  5.8S  rRNA  (31)  and  the  28S  rRNA  from 
their  respective  rRNA  precursors  (32).  By  immunoprecipi- 
tation,  we  observed  an  interaction  between  DDX5  and  the 
28S  and  18S  rRNA  species  (Fig.  2B).  This  association  with 
mature  rRNA  suggests  that  DDX5  could  be  involved  at 
multiple  stages  in  the  production  and  assembly  of  ribo¬ 
somes.  In  wild- type  MEFs  the  interaction  of  DDX5  with 
rRNA  was  decreased  relative  to  Arf~'~  cells,  suggesting  that 
ARF  can  inhibit  this  association  as  well. 

We  hypothesized  that  ARF  may  interfere  with  the  ability  of 
DDX5  to  stimulate  ribosome  biogenesis  by  impeding  access  of 
DDX5  to  maturing  pre-ribosomes.  Nuclear  lysates  obtained 
from  wild-type  and  Arf~ MEFs  were  separated  by  sucrose 
gradient  centrifugation.  Enhanced  association  of  DDX5  with 
the  40S  and  60S  pre-ribosomal  fractions  was  observed  in  the 
Arf-'-  nuclear  lysates  relative  to  the  corresponding  wild-type 
fractions  (Fig.  2D).  These  changes  were  not  due  to  altered 
expression  because  wild-type  and  Arf~!~  MEFs  expressed 
similar  levels  of  DDX5  protein  in  both  whole-cell  lysate 
(Fig.  IF)  and  nuclear  extract  (Fig.  2C). 

DDX5  enhances  the  synthesis  and  processing  of 
ribosomal  RNA 

To  determine  whether  DDX5  could  accelerate  ribosome 
biogenesis,  wild- type  MEFs  were  transduced  with  a  Flag-epi- 
tope-tagged  DDX5  or  a  mutant  (K144N)  deficient  in  ATP 
binding  (Fig.  3A).  The  K144N  mutation  in  the  Walker  A  motif 
abrogates  not  only  ATP  binding  but  also  the  ATPase  and 
helicase  activities  of  DDX5  (32).  The  earliest  observed  effect 
of  DDX5  on  ribosome  biogenesis  was  at  the  level  of  47S  pre- 
rRNA  transcription,  in  which  both  Flag-DDX5  and  Flag- 
DDX5-K144N  increased  the  amount  of  47S  transcript  per 
cell  (Fig.  3B).  The  ability  of  DDX5  to  regulate  transcription  of 
47S  pre-RNA  concurred  with  its  aforementioned  association 
at  the  rDNA  promoter.  Monitoring  the  processing  of  the  47S 
pre-rRNA  transcript  by  pulse-chase  analysis,  we  discovered  a 
more  rapid  accumulation  of  mature  28S  and  18S  rRNAs  in 
cells  expressing  Flag-DDX5  or  Flag-K144N  versus  vector- 
transduced  cells  (Fig.  3C  and  D).  To  determine  whether  the 
accelerated  production  of  rRNA  equated  with  increased 
protein  synthesis,  cytosolic  fractions  were  collected  for 
ribosome  profile  analysis.  Both  Flag-DDX5  and  Flag- 
DDX5-K144N  enhanced  the  amplitude  of  the  actively  trans¬ 
lating  polyribosome  fraction  (Fig.  3E),  indicating  that  ectop¬ 
ic  expression  of  Flag-DDX5  ultimately  increases  ribosome 
availability  for  translation,  and  that  helicase  activity  is  not 
required  for  this  induction.  These  results  indicate  that  DDX5 
stimulates  the  production  of  functional  ribosomes  by 
increasing  the  total  amount  of  mature  rRNA. 
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ARF  Opposes  DDX5  RNA  Helicase 


Figure  1.  ARF  maintains  the 
nucleolar  exclusion  of  DDX5.  A, 
nucleoli  were  isolated  from  wild- 
type  (WT)  and  Arf  MEFs. 
Nucleolar  morphology  (shown  for 
WT)  was  assessed  by  electron 
microscopy.  B,  nucleoli  (shown  for 
WT)  were  analyzed  by 
immunofluorescence  microscopy 
for  the  nucleolar  markers  C23 / 
nucleolin  (red,  Texas  Red)  and  NPM 
(green,  FITC).  C,  immunoblotting  of 
nucleolar  and  nucleoplasmic 
fractions  was  done  to  determine 
purity  (shown  for  WT).  D,  proteins 
from  isolated  nucleoli  were 
differentially  labeled  with  Cy3  and 
Cy5  fluorophores  and  were 
subjected  to  2D  DIGE.  E, 
localization  of  NPM  and  DDX5  in 
wild-type  and  Arf  MEFs 
was  determined  by 
immunofluorescence.  F,  Western 
blotting  of  nucleolar  lysates  for 
NPM  and  DDX5  revealed  a  change 
in  nucleolar  DDX5  expression 
between  genotypes. 


DDX5  stimulates  proliferation  in  MEFs 

The  ability  of  DDX5  to  stimulate  rRNA  synthesis  sug¬ 
gested  that  it  might  also  be  critical  for  growth  and  prolif¬ 
eration.  The  enhanced  ribosome  biogenesis  caused  by 
DDX5  overexpression  corresponds  to  an  increased  prolif¬ 
erative  capacity,  as  evidenced  by  the  ability  of  Flag-DDX5 
and  Flag-DDX5-K144N  to  stimulate  foci  formation  in  wild- 
type  MEFs  (Fig.  4A).  Furthermore,  using  2  different  shRNA 
constructs,  we  showed  that  knockdown  of  DDX5  reduced 
proliferation  of  Arf~/~  MEFs  in  a  dose-dependent  manner 
(Fig.  4B  and  C).  The  dependency  on  DDX5  for  unrestricted 
growth  was  not  exclusive  to  Arf~'~  MEFs,  as  foci  formation 
in  p53~'~  MEFs  was  impaired  by  shRNAs  targeting  DDX5 
(Supplementary  Fig.  S2A  and  B).  DDX5  has  been  linked  to 
p53  function  in  several  reports,  either  as  a  transcriptional 
coactivator  (33)  or  as  a  partner  of  p53  in  microRNA 
processing  (34).  Whereas  these  relationships  suggest  that 
DDX5  could  inhibit  growth  through  its  interactions  with 
p53,  our  data  point  to  the  opposite  conclusion,  specifically 
that  the  dominant  role  of  DDX5  is  not  growth  inhibition,  as 


would  be  inferred  from  the  aforementioned  studies,  but 
rather  growth  stimulation. 

Knockdown  of  DDX5  phenocopies  the  p53-independent 
functions  of  ARF  on  ribosome  output 

DDX5  stimulates  ribosome  production,  whereas  ARF  inhi¬ 
bits  ribosome  biogenesis  at  several  stages:  47S  transcription, 
rRNA  processing,  and  rRNA  export  (12,  29,  35).  Ultimately,  the 
effects  of  Arf  loss  are  exhibited  by  the  enhanced  ribosome 
profiles  of  Arf-1-  MEFs  relative  to  wild-type  MEFs  (12).  It  was 
unclear,  however,  whether  these  effects  of  ARF  on  the  cellular 
ribosome  profile  were  truly  p53-independent.  To  characterize 
the  p53-independent  functions  of  ARF  on  ribosome  biogenesis, 
we  utilized  TKO  (p53~f~ ,  Mdm2~/~,  and  Arf~f~)  MEFs,  in 
which  the  entire  ARF-Mdm2-p53  axis  has  been  removed  (11). 
By  adding  ARF  back  into  TKO  MEFs,  we  investigated  growth- 
inhibitory  effects  of  ARF  that  are  completely  independent  of 
p53.  HA-ARF  expression  reduced  cytosolic  ribosomes  in 
the  actively  translating  polyribosome  fraction  (Fig.  5A), 
showing  a  p53-independent  role  for  ARF  in  the  regulation  of 
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Figure  2.  ARF  impairs  association  of 
DDX5  with  nuclear  pre-ribosomes. 

A,  wild-type  (WT)  and  Arf  7  MEFs 
were  collected  for  ChIP  using  DDX5 
or  IgG  control  antibodies.  qRT-PCR 
with  primers  flanking  2  regions, 

MEn  and  MO,  on  the  rDNA  promoter 
was  used  to  amplify  DNA  isolated 
from  the  immunoprecipitates.  B, 

WT  and  Arf~'~  MEFs  were  labeled 
with  [methyl-3H]-methionine  and 
DDX5  was  immunoprecipitated 
from  cell  lysates.  Radiolabeled  RNA 
isolated  from  the  DDX5 
immunoprecipitate  was  visualized 
by  autoradiography.  C,  nuclear 
extract  from  WT  and  Arf  /_  MEFs 
was  analyzed  by  Western  blot.  D, 
nuclear  extracts  from  WT  and 
Arf~/_  MEFs  were  subjected  to 
sucrose  density  centrifugation. 

RNA  absorbance  was  monitored  at 
254  nm  as  samples  were 
fractionated  and  isolated  proteins 
were  analyzed  by  Western  blot. 

IP,  immunoprecipitation. 


ribosome  output.  Knockdown  of  DDX5  in  TKO  MEFs 
mimicked  the  effects  of  ARF  overexpression  on  cytosolic 
ribosome  content  (Fig.  5B),  causing  a  decrease  in  polyribosome 
peak  amplitude.  Thus,  a  DDX5  loss-of-function  is  equivalent 
to  a  p53-independent  ARF  gain-of-function  on  ribosome 
output. 

ARF  inhibits  the  interaction  between  DDX5  and  NPM 

We  previously  identified  an  interaction  between  NPM  and 
DDX5  while  probing  for  NPM  binding  partners  (26).  Like  DDX5, 
NPM  is  a  multifunctional  protein,  with  key  roles  at  multiple 
stages  of  ribosome  biogenesis.  NPM  associates  with  the  rDNA 
locus  (36),  regulating  transcription  and  processing  of  the  rRNA 
(1).  Furthermore,  NPM  functions  as  a  nuclear  export  chaper¬ 
one  for  ribosomes  (26),  a  function  that  is  antagonized  by  ARF 
(15).  Interestingly,  early  embryonic  lethality  is  a  phenotype  of 
both  Npml-1-  and  Ddx5~'~  mice  (13, 31, 37).  We  hypothesized 


that  ARF  impaired  DDX5  function  through  regulation  of  its 
interaction  with  NPM. 

Given  the  ability  of  ARF  to  regulate  both  proteins  individ¬ 
ually,  we  tested  whether  ARF  effected  the  interaction  between 
DDX5  and  NPM.  Comparison  of  wild- type  and  Arf^'~  MEF 
lysates  by  coimmunoprecipitation  revealed  that  ARF  signifi¬ 
cantly  reduced  the  interaction  of  DDX5  with  NPM  (Fig.  6A).  We 
then  sought  to  determine  the  NPM-binding  domain  on  DDX5 
to  assess  whether  this  interaction  was  critical  for  the  growth- 
stimulatory  abilities  of  DDX5.  Little  has  been  reported  on  the 
proteins  that  interact  with  DDX5  through  its  C-terminal 
domain.  Given  the  possibility  that  core  domain  mutations 
might  directly  impair  conserved  features  that  are  critical  in 
the  DEAD-box  helicase  family  and  complicate  any  interpreta¬ 
tions  of  its  overall  importance,  we  instead  focused  on  muta¬ 
tions  in  the  C-terminus.  A  panel  of  overlapping  C-terminal 
deletion  mutations  was  introduced  to  DDX5  in  a  GST-fusion 
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ARF  Opposes  DDX5  RNA  Helicase 


Figure  3.  Overexpression  of  DDX5 
promotes  ribosome  output.  Wild- 
type  (WT)  MEFs  were  transduced 
with  empty  vector  or  Flag-DDX5 
retroviruses.  A,  flag  immunoblot 
shows  expression  of  the  retroviral 
fusion  protein.  B,  total  RNA  was 
analyzed  by  qRT-PCRto  determine 
copy  number  of  the  47S  pre-rRNA 
transcript.  C,  cells  were  labeled  with 
[methyl-3H]-methionine  and 
chased  for  the  indicated  times. 
Total  RNA  was  extracted, 
separated  on  an  agarose  gel,  and 
transferred  to  membranes. 
Radiolabeled  RNA  was  visualized 
by  autoradiography.  D,  relative 
band  intensities  were  determined 
for  rRNA  in  the  processing  assay. 
47S,  28S,  and  18S  rRNAs  were 
individually  normalized  to  the 
pBabe  sample  at  t  =  0  and  tracked 
throughout  the  time  course.  E, 
cytosolic  extracts  from  2.5  x  106 
cells  were  separated  by  sucrose 
density  gradient  centrifugation. 
Ribosome  profiles  were  obtained 
by  measuring  the  absorbance  of 
RNA  at  254  nm. 


B 


P=  0.0026 


LO  LO 

X  X 

D  D 

a>QD 

.Q 

(R  U)  U) 

cq  12  12 

Q.  LL  LL 


P=  0.001 


Flag 

Tubulin 


500 
g  400 
8  300 


200 


t  100 


pBabe  WT-DDX5  K144N 


pBabe  WT-DDX5  K144N 

Min: 

47S  ► 

32S  ► 

28S  ► 

18S  ► 


5.8/5S  ► 


E 


protein  expression  vector.  In  vitro  immunoprecipitation  reac¬ 
tions  using  His-tagged  NPM  and  GST-DDX5  or  its  mutants 
mapped  an  NPM  interaction  motif  to  residues  500  to  610  at  the 
C-terminus  of  DDX5  (Fig.  6B).  For  further  experiments,  we 
chose  a  smaller  mutant  within  this  domain,  DDX5A520-550. 
Whereas  ectopically  expressed  Flag-DDX5  interacted  with 
endogenous  NPM  in  Arf~j~  MEFs,  the  A520-550  mutant 
displayed  no  visible  interaction  (Fig.  6C).  Flag-DDX5-A520- 
550  also  had  reduced  occupancy  of  the  rDNA  promoter  com¬ 
pared  with  wild-type  Flag-DDX5  (Fig.  6D)  and  did  not  stimulate 
47S  pre-rRNA  transcription  (Fig.  6E).  Furthermore,  whereas 
Flag-DDX5  associated  with  nuclear  pre-ribosomal  fractions 
containing  the  40S  and  60S  ribosomal  subunits,  Flag-DDX5- 
A520-550  was  almost  completely  absent  from  the  60S  fractions 
containing  the  large  ribosomal  protein  rpL7a  (Fig.  6F).  Finally, 


in  transduced  Arf~'~  MEFs,  Flag-DDX5-A520-550  expression 
did  not  affect  proliferation  compared  with  the  empty  vector 
control,  whereas  Flag-DDX5  expression  enhanced  prolifera¬ 
tion  (Fig.  6G).  Thus,  it  seems  that  DDX5  cooperates  with  NPM, 
through  a  direct  interaction  that  is  antagonized  by  ARF,  to 
stimulate  rRNA  synthesis  and  proliferation. 

RasV12-induced  transformation  of  Arf  ~'~  MEFs 
requires  DDX5 

Transduction  of  wild-type  MEFs  with  oncogenic  RasV12 
results  in  ARF  induction  and  growth  arrest  (22).  Conversely, 
transduction  of  RasV12  transforms  Arf~!~  MEFs,  as  deter¬ 
mined  by  colony  formation  in  soft  agar.  To  determine  whether 
DDX5  meets  the  criteria  of  a  classic  oncogene,  wild-type  MEFs 
expressing  Flag-DDX5,  alone  or  in  combination  with  RasV12, 
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Figure  4.  DDX5  stimulates  growth  and  proliferation.  A,  wild-type  (WT) 
MEFs  expressing  empty  vector,  Flag-DDX5,  or  Flag  K1 44N  were  plated  at 
1 03  cells  per  dish  and  grown  for  1 2  days.  Foci  were  fixed  in  methanol  and 
stained  with  Giemsa.  B ,Arf  MEFs  were  infected  with  lentiviral  shRNAs 

targeting  luciferase  (control)  or  DDX5.  Western  blot  shows  the  efficacy  of 
DDX5  knockdown.  C,  cells  were  plated  in  triplicate  at  a  density  of  104 
per  well  in  a  6-well  plate  for  a  proliferation  assay  and  counted  over  a 
7-day  time  course. 


were  plated  in  soft  agar  to  evaluate  anchorage-independent 
growth.  Whereas  RasV12-transduced  Arf MEFs  plated  in 
parallel  formed  robust  colonies,  wild-type  MEFs  expressing 
Flag-DDX5  and  RasV12  did  not  form  colonies  (Supplementary 
Fig.  S3A).  Furthermore,  unlike  RasV12,  Flag-DDX5  was  unable 
to  stimulate  transformation  of  TKO  MEFs  (Supplementary 
Fig.  S3B).  This  suggests  that  DDX5  is  not  an  oncogene  as  it 
cannot,  in  combination  with  Arf  loss,  p53  loss,  or  RasV12 
overexpression,  drive  transformation. 

Despite  not  being  sufficient  to  transform  cells,  it  remained 
possible  that  DDX5  was  necessary  for  transformation.  To 
determine  whether  DDX5  is  required  for  oncogenic  transfor¬ 
mation  in  the  absence  of  Arf  we  transduced  Arf  ~ /_  MEFs  with 
shRNA  against  DDX5  followed  by  ectopic  expression  of  RasV12 
(Fig.  7A).  Knockdown  of  DDX5  impaired  the  ability  of  RasV12 
to  stimulate  colony  formation  and  anchorage-independent 
growth  (Fig.  7B),  suggesting  that  transformation  of  MEFs  by 
RasV12  requires  the  cooperation  of  DDX5. 

To  determine  whether  Ras-transformed  fibroblasts  could 
form  tumors  in  vivo,  Arf~!~  MEFs  transduced  with  RasV12 
and  shDDX5  or  a  scrambled  shRNA  were  s.c.  inoculated 
into  the  flanks  of  nude  mice.  RasV12-induced  tumor  growth 
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Figure  5.  ARF  overexpression  and  DDX5  knockdown  each  reduce 
cytosolic  polyribosomes  in  a  p53-independent  manner.  Cytosolic 
extracts  from  TKO  {Arf/p53/Mdm2  _/“)  MEFs  expressing  HA-ARF  (A)  or 
shDDX5  (B)  were  loaded  onto  a  sucrose  density  gradient  and  samples 
were  monitored  for  the  absorbance  of  RNA  at  254  nm.  Expression  of  ARF 
and  DDX5  was  assessed  by  Western  blot  (side  panels). 


in  nude  mice  was  reduced  by  knockdown  of  DDX5 
(Fig.  7C  and  D).  The  dependence  on  DDX5  for  the  growth  of 
these  Arf  null  tumors  suggests  that  DDX5  may  function  as  a 
non-oncogene  by  sustaining  the  levels  of  ribosome  production 
required  by  transformed  cells  to  maintain  their  accelerated 
proliferation  rates. 

Discussion 

The  role  of  ARF  in  regulating  p53  is  well  established,  but  the 
mechanisms  by  which  it  exerts  its  p53-independent  tumor 
suppressor  function  are  yet  to  be  fully  characterized.  Our  group 
and  others  have  recently  shown  the  regulation  of  translation  by 
ARF,  but  mechanistic  details  of  its  involvement  are  limited. 
Both  mouse  and  human  ARF  interact  with  nucleolar  proteins 
involved  in  ribosome  biogenesis  as  well  as  ribosomal  compo¬ 
nents  themselves  (1,  38).  Furthermore,  ectopic  expression  of 
human  pl4ARF  decreases  polyribosomes  in  ap53-independent 
manner  (38).  ARF  has  recently  been  linked  to  ribosome  bio¬ 
genesis  through  its  regulation  of  TTF-1  (29)  and  its  ability  to 
inhibit  ribosome  export  via  its  nucleolar  interaction  with  NPM 
(15,  38).  Here  we  have  shown  that  ARF  can  control  the  protein 
composition  of  the  nucleolus,  the  central  organelle  in  ribosome 
biogenesis.  Our  observation  that  ARF  can  regulate  DDX5  RNA 
helicase  provides  a  mechanistic  explanation  for  the  inhibitory 
effects  of  ARF  on  47S  rRNA  transcription  and  processing  (35). 
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Figure  6.  The  ARF-regulated  interaction  between  DDX5  and  NPM  is  required  for  the  growth-stimulatory  effects  of  DDX5.  A,  the  interaction  between  DDX5  and 
NPM  was  compared  in  lysates  from  wild-type  (WT)  and  Arf  MEFs  by  coimmunoprecipitation  with  antibodies  against  DDX5.  B,  a  panel  of  GST-Flag-DDX5 
mutants  was  subjected  to  GST-pull-down  following  incubation  with  His-NPM  proteins,  and  immunoblotting  was  done  with  antibodies  recognizing  DDX5  and 
NPM.  C,  Arf  '  MEFs  expressing  Flag-DDX5  or  Flag-DDX5-A520-550  were  subjected  to  immunoprecipitation  with  an  antibody  against  the  Flag  epitope. 

D,  Arf~'~  MEFs  were  subjected  to  ChIP  reactions  with  an  antibody  against  the  Flag  epitope.  DNA  recovered  from  the  reactions  was  subjected  to 
qRT-PCR  using  primers  to  2  different  areas,  MEn  and  MO,  within  the  rDNA  promoter.  E,  qRT-PCR  for  the  47S  pre-rRNAfrom  total  RNA  isolated  from  WT  MEFs. 

F,  nuclei  from  Arf  1  MEFs  expressing  Flag-DDX5  or  Flag-DDX5-A520-550  were  subjected  to  sucrose  gradient  centrifugation.  Expression  of  rpL7a  or 
Flag-tagged  proteins  in  the  isolated  fractions  was  determined  by  Western  blot.  G,  Arf~/_  MEFs  were  plated  in  triplicate  at  20,000  cells  per  well  for  a 
proliferation  assay  and  counted  daily  over  a  time  course.  IP,  immunoprecipitation.  *,  P  =  0.0058. 


Our  data  suggest  that  most  of  the  endogenous  pool  of  DDX5 
may  be  excluded  from  nucleoli  and  inactive  in  ribosome 
biogenesis,  until  a  cellular  perturbation  stimulates  this  activity. 
Consistent  with  this  model,  upon  loss  of  Arf  a  substantial 
increase  in  nucleolar  DDX5  was  observed,  accompanied  by 
tremendous  gains  in  ribosome  production.  Surprisingly,  both 
DDX5  and  the  helicase-dead  DDX5  mutant  (K144N)  were  able 
to  stimulate  47S  transcription  and  cellular  ribosome  output. 
The  ability  of  DDX5-K144N  to  increase  47S  pre-rRNA  tran¬ 
scription  is  consistent  with  reports  that  helicase  activity  may 
be  dispensable  for  the  activities  of  DDX5  as  a  transcriptional 
coregulator  (33, 39).  NPM  was  important  for  DDX5  to  associate 
with  the  rDNA  promoter  and  to  facilitate  47S  pre-rRNA  tran¬ 
scription.  The  DDX5  NPM-binding  mutant  was  also  unable  to 


associate  with  the  nuclear  60S  pre-ribosomal  fraction  or 
enhance  proliferation,  further  underscoring  the  link  between 
the  effects  of  DDX5  on  ribosome  biogenesis  with  those  on 
growth  and  proliferation.  Clearly,  the  formation  of  DDX5-NPM 
complexes,  enhanced  in  the  absence  of  Arf,  is  necessary  for  the 
nucleolar  gain-of-function  activity  reported  here  for  DDX5. 

Our  results  provide  a  new  perspective  for  understanding  the 
tumor  suppressor  function  of  ARF,  which  has  classically  been 
thought  of  as  a  checkpoint  sensor  of  hyperproliferative  signals. 
The  data  presented  here  suggest  that  an  equally  important 
mechanism  by  which  ARF  functions  as  a  tumor  suppressor  is  to 
limit  ribosome  output  as  a  defense  against  oncogene  activation 
and  the  attendant  enhanced  cellular  protein  synthesis  require¬ 
ments.  Therefore,  in  the  absence  of  Arf  DDX5  becomes  a 
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Figure  7.  Non-oncogene  addiction  to  DDX5  in  transformed  Arf  MEFs.  A,  Arf  MEFs  were  infected  with  shRNAs  against  luciferase  or  DDX5.  Cells  were 
then  infected  with  either  oncogenic  RasV12  or  empty  vector  (pBabe),  and  expression  was  confirmed  by  Western  blot.  B,  cells  were  seeded  onto  soft  agar  and 
grown  for  3  weeks.  C,  Arf  MEFs  were  infected  with  RasVI  2,  then  subsequently  infected  with  shDDX5  or  scrambled  shRNA.  A  total  of  2  x  1 06  cells  were 
used  for  s.c.  injection  into  nude  mice.  Tumor  burden  was  monitored  over  an  18-day  time  course.  At  the  endpoint,  mice  were  sacrificed  and  tumors  were 
excised  and  photographed.  Images  of  3  representative  mice  and  their  tumors  (the  3  mice  with  tumor  volumes  closest  to  the  median)  are  shown  in  D. 


requisite  non-oncogene  effector  that  promotes  an  increased 
translational  output,  in  accord  with  the  higher  demand  for 
protein  production  required  upon  oncogene  activation.  The 
ability  of  ectopic  DDX5  expression  to  stimulate  ribosome 
biogenesis  and  growth  further  proves  the  central  role  of  DDX5 
in  regulating  this  translational  output. 

Our  data  showing  the  growth-stimulatory  functions  of  DDX5 
in  ribosome  biogenesis  provides  a  strong  rationale  to  explain 
the  link  between  DDX5  and  cancer.  Although  this  concept  is 
still  in  its  infancy,  most  non-oncogenes  are  thought  of  as  critical 
regulators  of  cellular  stress  responses  and  that  their  expression 
provides  cancer  cells  the  means  to  tolerate  multiple  stresses 
(40).  It  is  unclear  how  DDX5  and  ribosome  biogenesis  fit  into 
this  stress  tolerance  model.  Rather,  DDX5  may  represent  a  class 
of  nononcogenes  whose  activities  are  unleashed  in  the  absence 
of  crucial  tumor  suppressors.  In  this  setting,  the  role  of  the 
DDX5  non-oncogene  is  to  make  a  required  cellular  process,  such 
as  ribosome  biogenesis,  more  efficient  or  prolific  in  preparation 


for  the  tremendous  protein  synthesis  demands  following  malig¬ 
nant  transformation.  It  remains  to  be  determined  whether 
DDX5  will  be  an  efficacious  target  in  the  treatment  of  cancer; 
however,  our  results  validate  its  importance  in  supplying  the 
sustained  ribosome  output  required  for  oncogenic  transforma¬ 
tion.  In  summary,  DDX5  participation  in  ribosome  biogenesis  is 
negatively  regulated  by  ARF,  which  inhibits  the  DDX5-NPM 
interaction,  suggesting  a  dynamic  interplay  through  which  ARF 
and  DDX5  duel  for  nucleolar  growth  control. 
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In  this  report,  we  employed  a  lentiviral  RNA  interference  screen  to  discover  nucleolar  DEAD/DEAH-box 
helicases  involved  in  RNA  polymerase  I  (Pol  I) -mediated  transcriptional  activity.  Our  screen  identified  DHX33 
as  an  important  modulator  of  47S  rRNA  transcription.  We  show  that  DHX33  is  a  cell  cycle-regulated  nucleolar 
protein  that  associates  with  ribosomal  DNA  (rDNA)  loci,  where  it  interacts  with  the  RNA  Pol  I  transcription 
factor  upstream  binding  factor  (UBF).  DHX33  knockdown  decreased  the  association  of  Pol  I  with  rDNA  and 
caused  a  dramatic  decrease  in  levels  of  rRNA  synthesis.  Wild-type  DHX33  overexpression,  but  not  a  DNA 
binding-defective  mutant,  enhanced  47S  rRNA  synthesis  by  promoting  the  association  of  RNA  polymerase  I 
with  rDNA  loci.  In  addition,  an  NTPase-defective  DHX33  mutant  (K94R)  acted  as  a  dominant  negative  mutant, 
inhibiting  endogenous  rRNA  synthesis.  Moreover,  DHX33  deficiency  in  primary  human  fibroblasts  triggered 
a  nucleolar  p53  stress  response,  resulting  in  an  attenuation  of  proliferation.  Thus,  we  show  the  mechanistic 
importance  of  DHX33  in  rRNA  transcription  and  proliferation. 


RNA  is  a  highly  structured  macromolecule  whose  secondary 
and  tertiary  conformations  facilitate  an  array  of  specific  inter¬ 
actions  with  proteins.  The  DEAD/DEAH-box  family  of  RNA 
helicases  (here  referred  to  as  DDX/DHX)  (3)  is  one  such 
classification  of  RNA  binding  proteins  that  are  capable  of 
modifying  the  higher-ordered  structures  of  RNA  through  the 
hydrolysis  of  ATP/nucleoside  triphosphate  (NTP)  (41).  DDX/ 
DHX  proteins  often  form  large  multiprotein  complexes  that 
participate  in  fundamental  biological  activities  such  as  RNA 
transcription,  RNA  editing,  pre-mRNA  splicing,  ribosome  bio¬ 
genesis,  and  RNA  decay  (3). 

DDX/DHX  helicases  are  named  and  characterized  by  the 
conserved  DEAD/DEAH  motif  common  among  all  family 
members.  Through  site-directed  mutagenesis  analysis,  DEAD/ 
DEAH  along  with  seven  conserved  peptide  motifs  have  been 
found  to  participate  in  ATP/NTP  binding,  hydrolysis,  and  sub¬ 
strate  binding  (28).  Despite  the  conservation  of  these  peptide 
motifs,  the  remaining  sequences  within  each  RNA  helicase 
family  member  vary  widely.  Specifically,  differences  exist  be¬ 
tween  the  two  categories  of  DDX  and  DHX  proteins.  DDX 
proteins  contain  a  unique  Q  motif  at  their  N  termini  that 
distinguishes  them  from  DHX  proteins.  It  was  proposed  pre¬ 
viously  that  the  Q  motif  might  sense  the  state  of  ATP  in  vivo 
(40),  given  that  DHX-box  proteins  are  promiscuous  in  their 
ability  to  utilize  NTP  (16). 

Ribosome  biogenesis  is  a  complex  multistep  process,  the 
majority  of  which  occurs  in  the  nucleolus  of  the  cell  (24,  43). 
The  transcription  of  ribosomal  DNA  (rDNA)  is  the  initial  and 
rate-limiting  step  in  ribosome  biogenesis,  and  as  such,  it  is 
influenced  by  multiple  levels  of  regulation  (25).  One  of  the  key 
regulators  of  rDNA  transcription  is  the  upstream  binding  fac¬ 
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tor  (UBF),  a  transcriptional  transactivator  that  binds  to  the 
upstream  core  element  of  rDNA  and  subsequently  bends 
rDNA  (37).  This  change  in  the  rDNA  structure  favors  the 
binding  of  SL.l  as  well  as  other  associating  factors  to  the 
rDNA  locus  (2).  This  allows  for  the  recruitment  of  RNA  poly¬ 
merase  I  (Pol  I)  to  initiate  rDNA  transcription  (14,  23,  34). 
Recently,  multiple  functions  have  been  found  to  be  associated 
with  UBF  in  rRNA  transcription,  including  promoter  clear¬ 
ance,  the  displacement  of  histone  HI,  and  an  enhancement  of 
elongation  (15,  27,  35).  UBF  also  binds  to  rDNA  regions  out¬ 
side  transcribed  regions,  and  its  overexpression  causes  a  global 
decondensation  of  rDNA  chromatin  structures  (6).  The  activ¬ 
ities  of  various  transcription  factors  in  rRNA  transcription  can 
be  altered  by  posttranslational  modifications  involving  the 
phosphorylation  and  acetylation  of  UBF,  SL.l,  and  TIF-IA 
(25).  In  mammalian  cells,  a  single  precursor  rRNA  transcript, 
47S  rRNA  (14.3  kb),  is  transcribed  from  rDNA  by  the  RNA 
polymerase  I  complex.  This  large  polycistronic  transcript  en¬ 
compasses  18S,  5.8S,  and  28S  rRNAs  and  includes  several 
spacer  regions. 

In  the  present  report,  we  screened  a  group  of  nucleolar 
DDX/DHX-box  proteins  for  their  influence  on  pre-rRNA 
transcription  by  utilizing  lentiviral  RNA  interference  (RNAi) 
knockdown  analysis.  Various  degrees  of  perturbation  in  rRNA 
transcription  were  observed  by  reducing  the  expression  levels 
of  numerous  nucleolar  DDX/DHX  proteins.  One  of  these  nu¬ 
cleolar  family  members,  DHX33,  had  a  dramatic  impact  on 
pre-rRNA  transcription  and  on  nucleolar  structure  upon  its 
knockdown,  which  could  be  rescued  only  by  a  helicase-compe- 
tent  and  DNA  binding-competent  DHX33  protein.  We  found 
that  DHX33  localized  to  nucleoli,  where  it  associated  with 
rDNA  and  UBF.  The  DHX33  knockdown  caused  a  dramatic 
reduction  of  RNA  polymerase  I-mediated  transcriptional  ac¬ 
tivity.  The  overexpression  of  DHX33  stimulated  rDNA  tran¬ 
scription  by  promoting  the  rDNA  occupancy  of  RNA  polymer¬ 
ase  I,  all  of  which  required  NTPase  activity  and  an  rDNA 
binding  capacity.  Thus,  DHX33  appears  to  be  an  intricate 
player  in  rRNA  transcription  and  nucleolar  organization. 
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MATERIALS  AND  METHODS 

Cell  culture.  Primary  human  BJ  fibroblasts  were  cultured  in  Dulbecco’s  mod¬ 
ified  essential  medium  (DMEM)  and  M199  medium  (4:1;  Sigma)  supplemented 
with  15%  fetal  bovine  serum  (FBS)  and  penicillin-streptomycin.  HeLa  cells, 
A>3-null  mouse  embryonic  fibroblast  (MEF)  cells,  and  BT549  breast  cancer  cells 
were  cultured  in  complete  DMEM  supplemented  with  10%  FBS  and  penicillin- 
streptomycin.  All  cells  were  maintained  at  37°C  in  5%  C02. 

Antibodies.  Anti-DHX33  antibody  (rabbit  polyclonal,  catalog  number  NB100- 
2581)  was  obtained  from  Novus  Biologicals.  Anti-UBF  mouse  monoclonal  (F-9, 
catalog  number  sc-13125),  rabbit  polyclonal  (H-300,  catalog  number  sc-9131), 
anti-phospho-UBF  (pUBF)  (Ser484)  (catalog  number  sc-21638),  anti-gamma- 
tubulin  (catalog  number  sc-7396),  anti-p21  (F-5,  catalog  number  sc-6246),  anti- 
p53  (DO-1,  catalog  number  sc-126),  anti-fibrillarin  (H-140,  catalog  number  sc- 
25397),  anti-cyclin  D1  (catalog  number  sc-450),  anti-RPA194  (H-300,  catalog 
number  sc-28714),  anti-RRN-3  (Y-23,  catalog  number  sc- 133978),  anti-transcrip¬ 
tion  termination  factor  (TTF)  (24)  (catalog  number  sc-136371),  anti-TATA 
binding  protein  (TBP)  (catalog  number  sc-204),  and  anti-epidermal  growth  fac¬ 
tor  receptor  (EGFR)  (catalog  number  sc-03)  antibodies  were  obtained  from 
Santa  Cruz  Biotechnology.  Anti-glyceraldehyde-3-phosphate  dehydrogenase 
(GAPDH)  antibody  (A300-641A)  was  obtained  from  Bethyl  Laboratories.  Anti- 
FLAG  (M2)  antibody  was  obtained  from  Sigma. 

Immunoprecipitation  and  Western  blots.  Cells  were  lysed  in  buffer  containing 
1%  NP-40,  50  mM  Tris  (pH  7.5),  and  150  mM  NaCl  and  supplemented  with 
protease  and  phosphatase  inhibitor  cocktails  (Sigma).  After  incubation  on  ice  for 
10  min,  cell  lysates  were  further  sonicated  to  ensure  complete  disruption.  Lysates 
were  then  centrifuged  for  10  min  at  13,000  rpm,  and  supernatants  were  subjected 
to  a  protein  quantification  assay.  For  Western  blots,  50  pg  of  cell  lysate  was 
loaded  onto  a  precast  minigel  (Bio-Rad),  followed  by  transfer  onto  a  polyvi- 
nylidene  difluoride  (PVDF)  membrane.  For  immunoprecipitation,  cell  lysates 
were  diluted  to  approximately  1  mg/ml  with  lysis  buffer;  500  pg  of  the  total  cell 
lysate  was  incubated  with  2  pg  of  the  indicated  antibody  for  2  h  at  4°C,  followed 
by  the  addition  of  protein  A/G-Sepharose  beads,  and  further  incubated  for  1  h  at 
4°C.  After  centrifugation  at  1,500  rpm  for  2  min,  the  beads  were  washed  3  times 
with  cell  lysis  buffer  before  analysis. 

Plasmids.  The  full-length  coding  sequence  for  DHX33  (Mammalian  Gene 
Collection  [MGC])  was  purchased  from  Open  Biosystems.  Primers  were  de¬ 
signed  to  clone  the  open  reading  frame  (ORF)  of  DHX33  into  p3XFLAG- 
CMV10.0  at  Hindlll/BamHI  sites.  To  subclone  DHX33  into  pLVX-IRES-hy- 
gromycin,  p3XFLAG-CMV10.0-DHX33  was  further  digested  with  SacI/BamHI 
to  release  the  3  X  FLAG-DHX33  fragment,  treated  with  Klenow  fragment,  and 
then  inserted  into  pLVX-IRES-hygromycin  at  the  blunted  Xbal  site.  A 
QuikChange  site-directed  mutagenesis  kit  (Stratagene)  was  used  to  carry  out  the 
mutation  of  K94N  and  K94R  as  well  as  the  DNA  binding  box  deletion  mutants 
of  DHX33  in  plasmid  pLVX-DHX33.  The  human  UBF1  ORF  with  a  Myc  tag 
and  a  Flag  tag  (pCMV-6-UBFl)  was  purchased  from  Origene.  To  subclone 
UBFl-Myc  into  the  pLVX  vector,  UBFl-Myc  was  cut  by  BamHI/EcoRV  from 
pCMV6-UBFl,  blunt  ended  by  Klenow  fragment,  and  then  ligated  into  the 
pLVX  vector  at  the  blunt-ended  Xbal  site.  The  human  UBF2  ORF  was  pur¬ 
chased  from  Origene  and  was  subcloned  into  the  pLVX  vector  at  the  Xbal/ 
BamHI  site.  A  QuikChange  site-directed  mutagenesis  kit  was  used  to  carry  out 
the  mutation  of  S484D  and  S484A  in  UBF1/2.  Five  different  pLKO.l  plasmids 
containing  short  hairpin  RNA  (shRNA)  to  target  each  of  the  indicated  DEAD/ 
DEAH-box  proteins  (human)  were  obtained  from  the  Genome  Sequencing 
Center  at  Washington  University.  A  pLKO.l  scrambled  shRNA  control  plasmid 
was  purchased  from  Addgene. 

Immunofluorescence  microscopy.  For  5-bromo-2-deoxyuridine  (BrdU)  analy¬ 
sis,  cells  were  incubated  with  BrdU  for  18  h,  followed  by  10%  formalin-10% 
methanol  fixation  for  15  min  at  room  temperature.  Cells  were  blocked  with  5% 
FBS  and  incubated  with  mouse  anti-BrdU  antibody  (Clontech).  Rhodamine- 
conjugated  goat  anti-mouse  antibody  was  then  applied  and  incubated  for  an 
additional  30  min  at  room  temperature.  Cell  nuclei  were  counterstained  with 
4',6-diamidino-2-phenylindole  (DAPI).  To  analyze  DHX33  localization,  cells 
were  transfected  with  p3XFLAG-CMV-DHX33.  Transfected  cells  were  fixed 
with  10%  formalin-10%  methanol.  Cells  were  then  incubated  with  mouse  anti- 
FLAG  (M2;  Sigma)  antibody  at  a  1:200  dilution.  Goat  anti-mouse  antibody- 
fluorescein  isothiocyanate  (FITC)  was  applied  to  facilitate  the  visualization  of 
the  DHX33  protein.  To  mark  cell  nucleoli,  rabbit  antifibrillarin  antibody  was 
used  at  a  dilution  of  1:100,  followed  by  incubation  with  goat  anti-rabbit  antibody- 
rhodamine. 

47S  rRNA  synthesis  analysis.  Cells  were  pulsed  with  [3H]uridine  (Amersham) 
at  a  concentration  of  2.5  pCi/ml  for  30  min  and  chased  with  unlabeled  uridine- 
containing  medium  at  a  concentration  of  5  mM  for  the  indicated  time  points. 


Cells  were  normalized  based  on  equal  cell  numbers.  Total  RNA  was  isolated  by 
using  RNAsolv  (Omega  Biotek)  according  to  the  manufacturer’s  instructions. 
RNA  was  loaded  onto  1%  agarose-formaldehyde  gels  and  was  transferred  onto 
a  nylon  Hybond  membrane  (Millipore).  After  UV  cross-linking  and  spraying 
with  Enhancer  (Amersham),  the  membrane  was  exposed  to  film  and  subjected  to 
autofluorography.  For  in  situ  run-on  assays,  the  protocol  was  performed  as 
previously  described  (18).  Briefly,  cells  were  incubated  in  complete  medium 
containing  2  mM  5'-fluorouridine  (FUrd)  for  10  min  at  37°C  in  5%  C02  and 
fixed  in  10%  formalin-10%  methanol.  The  incorporated  FUrd  was  visualized  by 
incubating  cells  with  monoclonal  anti-BrdU  antibody  (Sigma)  for  1  h  and  with 
goat  anti-mouse  antibody  coupled  to  rhodamine  for  30  min. 

Pulse-chase  with  [methyl-3H\  methionine  for  rRNA  processing.  Cells  were  first 
incubated  with  methionine-cysteine-free  medium  for  30  min,  and  [methyl-3 H] 
methionine  was  then  added  at  a  concentration  of  50  pCi/m  1  and  incubated  for  30 
min  at  37°C.  Cells  were  chased  with  unlabeled  medium  containing  10  pM 
methionine  and  incubated  at  37°C  for  various  times.  Approximately  1.0  X  106 
cells  were  pelleted  and  dissolved  in  RNAsolv  for  RNA  extraction.  RNA  was 
loaded  onto  a  denaturing  gel,  transferred  onto  a  nylon  membrane,  and  subjected 
to  autofluorography  as  described  above. 

Nucleolus  fractionation.  Approximately  108  cells  were  collected  for  cell  frac¬ 
tionation.  Cells  were  washed  with  phosphate-buffered  saline  (PBS)  twice  and 
resuspended  in  1  ml  buffer  (10  mM  HEPES-KOH  [pH  7.9],  1.5  M  MgCl2,  lOmM 
KC1,  and  0.5  mM  dithiothreitol  [DTT])  for  30  min  on  ice.  Phenylmethylsulfonyl 
fluoride  (PMSF)  was  added  to  a  final  concentration  of  0.2  mM,  and  the  mixture 
was  then  Dounce  homogenized  until  all  cytoplasmic  membranes  were  disrupted. 
For  cytosolic  isolation,  cells  were  centrifuged  at  1,190  rpm  for  5  min  at  4°C  to 
obtain  the  supernatant.  The  resulting  pellet  was  resuspended  in  0.45  ml  of  0.25 
M  sucrose-10  mM  MgCl2,  layered  onto  0.45  ml  of  0.35  M  sucrose-0.5  mM 
MgCl2,  and  centrifuged  at  2,790  rpm  for  5  min  at  4°C.  Pelleted  nuclei  were  then 
resuspended  in  0.75  ml  of  0.35  M  sucrose-0.5  mM  MgCl2  with  protease  and 
phosphatase  inhibitors  (Sigma).  Nuclei  were  sonicated  to  disrupt  the  nuclear 
membrane.  The  nuclear  isolate  was  layered  on  top  of  0.75  ml  of  0.88  M  sucrose- 
0.5  mM  MgCl2  and  centrifuged  at  2,800  X  g  for  10  min  at  4°C.  The  pellet  was 
resuspended  in  0.5  ml  of  0.35  M  sucrose-0.5  mM  MgCl2,  and  sucrose  layering 
was  repeated  as  described  above.  Nucleoli  were  fractionated  as  the  subsequent 
pellet. 

FACS  analysis.  Cells  were  trypsinized  and  washed  with  PBS.  Cells  were  then 
resuspended  in  PBS,  and  100%  ethanol  was  added  dropwise  to  obtain  a  final 
ethanol  concentration  of  75%.  Cells  were  centrifuged  at  2,000  rpm  at  4°C  for  2 
min.  Cells  were  then  washed  with  PBS  and  resuspended  in  propidium  iodide  (PI) 
working  solution  (PBS  containing  1%  FBS,  250  pg/ml  of  RNase  A,  and  30  pg/ml 
of  propidium  iodide).  Cells  were  filtered  through  a  35-pm  strainer  cap  (Becton 
Dickinson)  before  being  subjected  to  fluorescence-activated  cell  sorter  (FACS) 
analysis. 

qRT-PCR.  The  primers  were  all  designed  by  use  of  Primer  Express  2.0  soft¬ 
ware  and  purchased  from  Integrated  DNA  Technologies.  Total  RNA  was  ex¬ 
tracted  by  use  of  a  NucleoSpin  II  (Clontech)  RNA  isolation  kit  and  was  reverse 
transcribed  into  cDNA  by  use  of  a  Superscript  III  first-strand  synthesis  kit 
(Invitrogen).  PCRs  were  performed  with  a  Bio-Rad  C1000  thermal  cycler  and 
managed  with  Bio-Rad  CFX96  software.  For  analysis  of  47S  rRNA  transcript 
levels,  SYBR  green  FastMix  (Quanta  Biosciences)  was  used,  and  transcript 
quantification  was  performed  by  comparison  with  standard  curves  generated 
from  dilution  series  of  cDNA  of  human  47S  rRNA  (cloned  into  pCR2.1Topo). 
SYBR  green  mix  from  Bio-Rad  was  used  for  all  other  quantitative  real-time  PCR 
(qRT-PCR)  analyses.  Transcript  quantification  was  calculated  based  on  the 
AA CT  value  after  normalization  to  GAPDH  values.  Melt  curve  analysis  con¬ 
firmed  that  single  products  were  amplified. 

Chromatin  immunoprecipitation.  Trypsinized  cells  were  washed  with  PBS  and 
fixed  with  1%  formaldehyde  at  room  temperature  for  10  min.  To  stop  cross- 
linking,  1.25  M  L-glycine  was  added  to  a  final  concentration  of  0.125  M.  After 
washing  with  IX  PBS,  cells  were  resuspended  in  lysis  buffer  containing  1%  SDS, 
10  mM  EDTA,  and  50  mM  Tris  (pH  8.1)  with  protease  and  phosphatase  inhib¬ 
itors.  To  shear  chromatin,  cell  lysates  were  sonicated  extensively,  centrifuged  to 
pellet  debris,  and  then  diluted  in  buffer  containing  0.5%  NP-40,  50  mM  Tris  (pH 
7.5),  and  150  mM  NaCl  at  a  1:5  ratio.  Cell  lysates  were  precleared  by  incubation 
with  2.5  ixg  of  sheared  salmon  sperm  DNA  and  50  pi  protein  A/G  beads  for  30 
min  at  4°C.  Following  incubation  with  5  pg  of  antibody  overnight  at  4°C,  2.5  pg 
sheared  salmon  sperm  DNA  and  50  pi  of  protein  A/G  beads  were  added  and 
further  incubated  for  1  h.  The  beads  were  then  washed  twice  in  radioimmuno- 
precipitation  assay  (RIPA)  buffer,  twice  in  RIPA  buffer  containing  500  mM 
NaCl,  and  once  with  buffer  containing  0.5%  NP-40,  50  mM  Tris  (pH  7.5),  and 
150  mM  NaCl.  The  beads  were  then  extracted  three  times  with  a  solution 
containing  1%  SDS  and  0.1  M  NaHCQ3.  To  reverse  the  cross-linking,  6  M  NaCl 
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TABLE  1.  DEAD/DEAH  RNA  helicase  family 


Human/mouse  helicase 

Yeast  ortholog 

Ribosome  biogenesis 

DDX1 

DDX3X 

Dbplp 

+ 

DDX5 

Dbp2p 

DHX8 

Prp22p 

DHX9 

DDX10 

Dbp4p 

+ 

DHX16 

Prp2p 

DDX17 

Dbp2p 

DDX18 

Haslp 

+ 

DDX2 

+ 

DDX23 

Prp28p 

DDX24 

Mak5p 

+ 

DDX27 

Drslp 

+ 

DDX31 

Dbp7p 

+ 

DHX33 

DDX37 

Dhrlp 

+ 

DDX39 

Sub2p 

DDX41 

DDX46 

Prp5p 

DDX47 

Rrp3p 

+ 

DDX48 

Fallp 

+ 

DDX49 

Dbp8p 

+ 

DDX50 

+ 

DDX51 

Dbp6p 

+ 

DDX52 

Roklp 

+ 

DDX54 

DbplOp 

+ 

DDX55 

Spb4p 

+ 

DDX56 

Dbp9p 

+ 

was  added  into  the  pooled  extraction  samples  to  a  final  concentration  of  0.3  M, 
and  samples  were  heated  at  65°C  for  5  h.  DNA  fragments  were  extracted  by  use 
of  a  Qiagen  QuickSpin  column  and  eluted.  Quantitative  PCR  (qPCR)  was 
performed  with  these  purified  DNA  samples. 

Cell  size  and  volume.  Primary  human  BJ  fibroblasts  (2  X  106  cells)  were 
harvested  by  trypsinization,  washed  with  lx  PBS,  and  resuspended  in  10  ml 
DMEM.  One  milliliter  of  the  cell  suspension  was  mixed  with  20  ml  Isoton  diluent 
(Beckman)  and  analyzed  on  a  Multisizer  III  instrument  according  to  the  man¬ 
ufacturer’s  protocol  (Beckman).  Over  75,000  particles  were  analyzed  in  triplicate 
from  three  independent  isolations  using  a  100-|jim  aperture. 

Ag  staining  of  nuclealar  organizing  region  (AgNOR  staining).  Cells  were 
seeded  onto  glass  coverslips  overnight  and  were  fixed  and  stained  the  following 
day.  Cells  were  fixed  in  2%  glutaraldehyde,  followed  by  postfixation  in  a  3:1 
ethanol-acetic  acid  solution.  Cells  were  stained  with  a  0.33%  formic  acid-33.3% 
silver  nitrate  solution  in  0.66%  gelatin  and  mounted  onto  slides  with  Vectashield 
(Vector  Labs). 

Subcellular  protein  fractionation.  Subcellular  proteins  were  fractionated  by 
use  of  a  subcellular  protein  fractionation  kit  from  Pierce.  BJ  cells  (2  X  106  cells) 
were  fractionated  into  cytosolic,  membrane-bound,  soluble  nuclear,  as  well  as 
chromatin-bound  parts  according  to  standard  protocols. 

RESULTS 

Screening  of  nucleolar  RNA  helicases  involved  in  rRNA 
synthesis.  Ribosome  biogenesis  is  an  evolutionarily  conserved 
cellular  activity  that  is  vital  for  normal  cell  growth  and  prolif¬ 
eration.  Several  nuclear/nucleolar  DEAD/DEAH-box  proteins 
(represented  in  Table  1,  together  with  their  orthologs  in  Sac- 
charomyces  cerevisiae)  were  chosen  based  on  the  human  nucle¬ 
olar  proteome  (http://www.lamondlab.com)  (1).  They  have 
been  shown  to  participate  in  various  aspects  of  ribosome  bio¬ 
genesis,  including  rRNA  processing  and  ribosome  assembly 
(41).  However,  none  of  the  currently  characterized  family 
members  have  been  shown  to  participate  in  pre-rRNA  tran¬ 
scription.  We  performed  a  lentiviral  RNA  interference  screen 


in  order  to  identify  a  set  of  nucleolar  DDX/DHX  RNA  heli¬ 
cases  that  were  necessary  for  RNA  polymerase  I-mediated 
pre-rRNA  synthesis.  First,  five  unique  shRNAs  for  each  DDX/ 
DHX  protein  were  screened  to  validate  their  knockdown  effi¬ 
ciencies.  Two  validated  shRNAs  were  then  delivered  into  pri¬ 
mary  human  fibroblast  cells  by  lentiviral  infection.  The 
knockdown  efficiency  for  each  DDX/DHX  mRNA  was  de¬ 
tected  by  quantitative  real-time  PCR  (qRT-PCR)  reactions,  as 
shown  in  Fig.  IB.  Pre-rRNA  transcription  was  assayed  by  mon¬ 
itoring  the  production  of  the  short-lived  47S  rRNA  precursor 
by  qRT-PCR  (7).  Changes  in  47S  rRNA  transcript  levels  cor¬ 
related  with  the  efficiency  of  each  DDX/DHX  helicase  knock¬ 
down  by  qRT-PCRs.  As  shown  in  Fig.  1C,  the  knockdown  of 
several  DDX/DHX  proteins  correlated  with  decreased  pre- 
rRNA  synthesis  although  with  various  degrees  of  perturbation. 
A  significant  decrease  in  the  rRNA  transcription  level  (up  to 
10-fold)  compared  to  that  of  the  control  was  observed  for 
DHX33,  DHX9,  and  DDX46  following  the  shRNA  delivery 
(Fig.  1C),  while  up  to  a  3-fold  to  4-fold  decrease  was  seen  for 
DDX23,  DDX48  (eukaryotic  initiation  factor  4A  [eIF4A]), 
DDX18,  DDX47,  DDX56,  DDX50,  DDX51,  DDX3X,  and 
DDX48  (Fig.  1C).  Table  2  shows  the  ratios  between  the  change 
of  47S  rRNA  expression  and  the  change  of  mRNA  expression 
for  each  protein  after  small  interfering  RNA  (siRNA)  knock¬ 
down.  Notably,  although  the  DHX33  mRNA  expression  level 
was  decreased  by  only  60%,  we  detected  a  tremendous  10-fold 
reduction  of  rRNA  synthesis.  Given  the  extreme  sensitivity  of 
rRNA  synthesis  to  lower  DHX33  expression  levels,  we  chose  to 
further  explore  the  potential  role  of  DHX33  in  rRNA  tran¬ 
scription. 

DHX33  is  essential  for  pre-rRNA  synthesis  and  is  a  cell 
cycle-regulated  protein.  Given  that  the  nucleolus  is  the  site  of 
rRNA  synthesis,  processing,  and  assembly  (24),  we  monitored 
newly  synthesized  rRNA  species  in  both  control  and  DHX33 
knockdown  cells  using  a  pulse-chase  of  [3H]uridine  (39).  The 
DHX33  knockdown  efficiency  was  verified  by  Western  blots,  as 
shown  in  Fig.  2A.  Steady-state  levels  of  rRNA  harvested  from 
equal  numbers  of  control  and  DHX33  knockdown  cells  showed 
significant  reductions  of  steady-state  levels  of  mature  28S 
rRNA  and  18S  rRNA  in  DHX33  knockdown  cells  (Fig.  2A, 
middle  and  bottom).  While  there  was  a  significant  reduction  in 
levels  of  all  rRNA  species,  including  47S,  32S,  28S,  and  18S 
rRNAs  (Fig.  2B,  top),  we  observed  no  accumulation  of  rRNA 
precursors  (Fig.  2B,  top),  nor  did  we  find  any  changes  in  the 
ratios  of  each  rRNA  species  when  we  performed  additional 
[methyl-3 HJmethionine  pulse-chase  experiments  (39)  to  label 
newly  synthesized  pre-rRNA  (Fig.  2C  and  D),  indicating  that 
DHX33  is  not  involved  in  pre-rRNA  processing.  To  dissect  the 
mechanism  of  DHX33  in  pre-rRNA  synthesis,  and  to  further 
exclude  the  possibility  of  rRNA  processing  defects  due  to  the 
DHX33  knockdown,  BJ  fibroblasts  were  pretreated  with  5-flu- 
orouracil  to  halt  rRNA  processing  for  15  min  prior  to  a 
[3H]uridine  pulse  to  label  newly  synthesized  47S  rRNA  (9,  39). 
Using  equal  numbers  of  cells,  we  found  that  the  synthesis  of 
47S  rRNA  was  greatly  diminished  in  DHX33  knockdown  cells 
following  a  30-min  pulse  with  [3H]uridine  (Fig.  2E). 

In  addition,  RNA  polymerase  I  transcription  was  more  di¬ 
rectly  assessed  by  using  a  5-fluorouridine  (FUrd)  incorporation 
in  situ  run-on  assay.  In  this  assay,  active  RNA  polymerase  I 
transcription  is  correlated  directly  with  the  amount  of  incor- 
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FIG.  1.  Lentivirus-mediated  RNAi  screen  of  DDX/DHX-box  proteins  reveals  a  requirement  for  several  helicases  in  RNA  polymerase 
I-mediated  transcription.  (A)  Schematic  diagram  for  conserved  peptide  motifs  of  DDX  and  DHX  proteins.  Critical  amino  acids  for  helicase 
function  are  marked  with  an  asterisk.  (B)  Total  RNA  extracted  from  human  fibroblast  BJ  cells  4  days  after  lentiviral  infection  with  each  indicated 
shRNA.  The  knockdown  efficiency  of  each  shRNA  for  a  specific  DDX/DHX  protein  was  analyzed  by  qRT-PCR  using  scrambled  shRNA  as  a 
negative  control.  The  dashed  line  marks  50%  expression.  (C)  Total  RNA  from  BJ  cells  analyzed  by  qRT-PCR  for  the  47S  rRNA  transcript  copy 
number.  The  graph  shows  representative  results  of  two  independent  screenings  performed  in  triplicate.  All  values  were  normalized  based  on  the 
scrambled  control,  which  was  set  as  100%.  Bars  represent  standard  deviations  for  three  separate  qRT-PCR  analyses.  The  solid  line  marks  100% 
expression,  and  the  dashed  line  marks  50%  expression. 


porated  FUrd  in  nucleoli  (18).  In  control  BJ  cells,  we  observed 
high  levels  of  FUrd  incorporation  at  nucleolar  sites  using  an 
anti-BrdU  antibody  recognizing  incorporated  FUrd  (Fig.  2F). 
In  contrast,  the  knockdown  of  DHX33  with  two  separate 
shRNAs  elicited  a  pronounced  decrease,  based  on  equal  ex¬ 
posure  times  of  immunofluorescent  signals,  in  levels  of  nucle¬ 
olar  FUrd  incorporation  (Fig.  2F). 

DHX33,  along  with  its  conserved  family  members,  is  an 
NTP-dependent  RNA  helicase  (32).  To  determine  whether 
NTPase  activity  was  required  for  DHX33’s  rRNA  transcrip¬ 
tional  regulation,  we  performed  site-directed  mutagenesis  on  a 
critical  and  conserved  amino  acid,  K94,  in  the  NTPase  domain 
of  DHX33;  the  resulting  single  point  mutation  is  K94N.  The 


mutation  of  this  critical  lysine  residue  was  shown  previously  to 
severely  cripple  RNA  NTPase  activity  among  DHX  family 
members  (28).  BJ  fibroblasts  were  infected  with  shRNAs  to 
reduce  levels  of  DHX33  and  were  rescued  with  the  lentiviral 
delivery  of  either  wild-type  or  K94N  mouse  DHX33.  Three 
base  pair  mismatches  exist  between  the  murine  DHX33  se¬ 
quence  and  the  human-targeted  shRNA  sequence,  making  the 
murine  overexpression  construct  moderately  resistant  to 
shRNA-directed  knockdown.  As  shown  in  Fig.  3A,  the  over¬ 
expression  of  wild-type  and  K94N  mutant  DHX33  rescued 
DHX33  protein  levels  to  approximately  50%  of  scrambled 
shRNA  control  levels.  Importantly,  the  wild-type  but  not  the 
NTPase-dead  mutant  DHX33  expression  construct  could  res- 
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TABLE  2.  DDX/DHX  knockdown  efficiencies  and  47S  rRNA 
transcription  ratios 


Gene 

Mean  %  mRNA 

Mean  %  47S  rRNA 

Ratio  of  47S 
rRNA/mRNA 

DDX1 

7.69 

81.4 

10.58518 

DDX3X 

10 

26.6 

2.66 

DDX5 

38 

68.3 

1.797368 

DHX8 

6.2 

77.2 

12.45161 

DHX9 

18 

9.6 

0.533333 

DDX10 

10.5 

44.4 

4.228571 

DHX16 

1 

43.8 

43.8 

DDX17 

18 

29.5 

1.638889 

DDX18 

10.8 

32.2 

2.981481 

DDX2 

10 

80.2 

8.02 

DDX23 

30.7 

34.8 

1.13355 

DDX24 

33 

105 

3.181818 

DDX27 

35.3 

66.4 

1.88102 

DDX31 

29 

58 

2 

DHX33 

35 

11.2 

0.32 

DDX37 

25 

63.6 

2.544 

DDX39 

18 

53.2 

2.955556 

DDX41 

43.5 

59.1 

1.358621 

DDX46 

29 

31 

1.068966 

DDX47 

6.25 

28 

4.48 

DDX48 

9 

30.8 

3.422222 

DDX49 

10 

70.5 

7.05 

DDX50 

12.5 

30.9 

2.472 

DDX51 

13 

36.4 

2.8 

DDX52 

12.5 

60.1 

4.808 

DDX54 

7 

111 

15.85714 

DDX55 

8.24 

76 

9.223301 

DDX56 

10.8 

37.7 

3.490741 

cue  pre-rRNA  synthesis  to  an  appreciable  degree  (4-fold  in¬ 
crease  over  DHX33  knockdown)  (Fig.  3B). 

Previous  studies  have  shown  that  rRNA  transcription  is  a 
growth  factor-stimulated  process  (17).  We  observed  a  steady 
increase  in  47S  transcription  levels  as  BJ  cells  reentered  the 
cell  cycle  following  serum  stimulation  (Fig.  3C).  Additionally, 
expression  levels  of  DHX33  increased  upon  serum  stimulation 
and  reached  maximal  levels  concomitant  with  maximum  phos- 
phorylated  UBF  Ser484  and  47S  rRNA  transcription  levels 
(Fig.  3C),  indicating  that  DHX33  responds  to  growth  stimuli  in 
a  manner  similar  to  that  of  the  canonical  rRNA  transcriptional 
apparatus. 

DHX33  localizes  to  the  cell  nucleolus  and  associates  with 
NORs  during  mitosis.  Although  DHX33  is  an  uncharacterized 
member  of  the  DEAH-box  family,  a  previous  proteomic  anal¬ 
ysis  of  HeLa  cells  identified  DHX33  as  a  nucleolar  protein  (1). 
To  verify  the  nucleolar  localization  of  endogenous  human 
DHX33,  cellular  fractionation  was  performed  on  two  different 
human  cell  lines:  BT549  breast  cancer  cells  and  diploid  BJ 
fibroblasts.  We  found  that  DHX33  localized  to  cell  nucleoli  in 
both  BT549  and  BJ  cells,  although  it  was  not  entirely  excluded 
from  the  nucleoplasm  (Fig.  4A).  The  nucleolar  localization  of 
DHX33  was  further  confirmed  by  the  costaining  of  BT549  cells 
that  transiently  overexpress  FLAG-DHX33  with  fibrillarin 
(Fig.  4B).  Colocalization  between  UBF  and  DHX33  was  de¬ 
tected  in  both  murine  p53- null  MEFs  and  human  BJ  fibroblasts 
(Fig.  4B).  As  cells  progress  through  the  G2/M  border,  nucleoli 
disassemble,  with  only  a  few  proteins  that  are  critical  for  RNA 
polymerase  I  transcription  remaining  associated  with  nucleolar 
organizing  regions  (NORs).  UBF1  is  one  of  these  proteins 


(51).  To  check  the  localization  of  DHX33  in  mitosis,  cells  were 
treated  with  nocodazole  for  18  h  to  arrest  the  cell  cycle  at 
prometaphase.  Under  this  cell  cycle  setting,  we  found  that 
DHX33  and  UBF1  again  colocalized  at  the  NOR  (Fig.  4C). 

DHX33  associates  with  rDNA  and  UBF.  To  further  dissect 
the  mechanism  of  DHX33’s  role  in  RNA  polymerase  I  tran¬ 
scription,  chromatin  immunoprecipitation  (ChIP)  was  per¬ 
formed  with  BT549  human  breast  cancer  cells  that  overex¬ 
pressed  the  FLAG  epitope-tagged  DHX33  protein.  Figure  5A 
depicts  the  position  of  the  primer  sets  used  for  ChIP  analysis 
along  the  rDNA  locus.  We  observed  a  2-  to  7-fold  increase  in 
the  association  between  DHX33  and  the  transcribed/promoter 
rDNA  regions,  demonstrating  an  association  between  DHX33 
and  the  rDNA  locus  (Fig.  5B).  As  two  positive  controls,  we  also 
compared  DHX33  with  SL.l  and  the  RNA  Pol  I  large  subunit 
RPA194.  SL.l  displayed  an  interaction  only  with  the  promoter 
region,  with  enrichment  up  to  8-fold,  while  RPA194  showed 
enrichment  up  to  40-fold  at  both  promoter  and  transcribed 
regions  (Fig.  5B).  The  fact  that  DHX33  associated  with  rDNA 
across  the  entire  promoter  and  transcribed  regions  implies  that 
its  function  may  not  be  confined  to  transcriptional  initiation. 
To  further  confirm  the  interaction  between  DHX33  and 
rDNA,  we  performed  a  cell  fractionation  analysis  of  BJ  fibro¬ 
blast  cells.  DHX33  was  released  only  by  micrococcal  nuclease, 
and  this  occurred  predominantly  in  chromatin-bound  fraction¬ 
ation  (Fig.  5C),  indicating  that  DHX33  could  be  an  architec¬ 
ture  protein  that  associates  with  rDNA  chromatin  and  modu¬ 
lates  its  function.  In  addition,  we  found  that  overexpressed 
FLAG-tagged  DHX33  interacted  with  endogenous  UBF,  as 
demonstrated  by  the  coimmunoprecipitation  of  UBF  with 
FLAG  antibodies  (Fig.  5D).  To  examine  this  property  more 
closely,  we  generated  a  deletion  mutant  of  DHX33  that  lacks 
15  amino  acids  (A536-550).  The  fragment  (positions  536  to 
550)  was  found  to  be  fairly  similar  to  a  conserved  DNA  binding 
box  shared  by  several  DEAH  DNA  helicases  (Fig.  5E).  The 
subcellular  localization  of  this  deletion  mutant  still  remained  in 
the  nucleolus  but  with  diffuse  staining  apparent  in  the  nucle¬ 
oplasm  (Fig.  5E).  Protein  expression  levels  of  mutant  and 
wild-type  DHX33  are  shown  in  Fig.  5F.  We  found  that  the 
deletion  mutant  severely  crippled  its  DNA  binding  activity,  as 
detected  by  ChIP  analysis  (Fig.  5F).  Taken  together,  these 
findings  demonstrate  the  association  of  DHX33  with  rDNA 
loci,  through  a  critical  15-amino-acid  motif,  and  UBF,  a  known 
rDNA  binding  protein. 

DHX33  deficiency  reduces  RPA194  recruitment  to  the  rDNA 
locus.  UBF  is  a  critical  player  in  the  transcription  of  pre- 
rRNA.  Its  phosphorylation  has  been  shown  to  be  required  for 
its  activation  and  participation  in  RNA  polymerase  I  transcrip¬ 
tion  (38,  42,  45).  We  found  that  the  DHX33  knockdown  sig¬ 
nificantly  reduced  the  phosphorylation  of  UBF  on  Ser484  with¬ 
out  affecting  the  total  cellular  expression  levels  of  UBF  (Fig. 
6A).  Moreover,  the  phosphorylation  of  UBF  on  Ser484  was 
shown  previously  to  be  required  for  the  recruitment  of  RNA 
polymerase  I  proteins  to  the  rDNA  locus  (44).  In  DHX33 
knockdown  cells,  RPA194,  a  core  component  of  RNA  poly¬ 
merase  I  (11),  displayed  no  reduction  in  expression  levels  (Fig. 
6A).  However,  RPA194  exhibited  more  than  a  50%  reduction 
in  its  rDNA  binding  activity,  as  measured  by  chromatin  immu¬ 
noprecipitation  (Fig.  6B),  implying  that  in  the  absence  of 
DHX33,  the  UBF  phosphorylation  level  was  reduced,  with  a 
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FIG.  2.  DHX33  is  essential  for  pre-rRNA  synthesis  but  not  processing.  (A)  BJ  cells  were  infected  with  scrambled  or  DHX33  shRNAs.  Total 
cell  lysates  from  each  were  prepared  at  4  days  postinfection  and  subjected  to  Western  blot  analysis  with  the  indicated  antibodies.  (B)  From  the 
above-mentioned  infected  cells,  equal  numbers  of  BJ  cells  (2  X  106  cells)  were  pulsed  with  [3H]uridine  and  then  chased  with  unlabeled  uridine 
and  harvested  at  the  indicated  times.  Total  RNA  was  extracted,  separated,  transferred  onto  membranes,  and  subjected  to  autofluorography.  Newly 
synthesized  47S,  32S,  28S,  and  18S  rRNAs  are  shown  (top).  Ethidium  bromide  (EtBr)-stained  agarose  gels  show  overall  28S  and  18S  rRNAs  in 
these  samples  (middle).  Quantification  of  mature  rRNAs  is  shown  in  the  bottom  panel.  Bars  represents  standard  deviations  from  3  independent 
experiments.  (C)  BJ  cells  infected  with  the  2  different  shRNA-DHX33-encoding  lentiviruses  were  labeled  with  [methyl-3H] methionine  and  chased 
with  cold  methionine  for  the  indicated  times.  Total  RNA  was  extracted  from  equal  numbers  of  cells,  separated,  transferred  onto  membranes,  and 
subjected  to  autoradiography.  Newly  synthesized  and  labeled  rRNA  species  are  indicated  by  arrows.  The  bottom  panel  shows  the  methylene 
blue-stained  membrane  to  show  the  loading  of  each  sample.  (D)  Densitometry  quantitation  of  ratios  between  different  rRNA  species  in  each  BJ 
cell  sample  depicted  in  a  bar  graph.  (E)  The  BJ  cells  described  above  (2  X  106  cells)  were  pretreated  with  5-fluorouracil  (5-FU)  to  halt  rRNA 
processing  and  then  pulse-chased  with  [3H]uridine  to  monitor  the  total  levels  of  47S  rRNA  over  a  30-min  period.  Total  RNA  was  extracted, 
separated,  transferred  onto  membranes,  and  subjected  to  autoradiography.  Newly  synthesized  47S  rRNA  is  shown.  (F)  The  BJ  cells  described 
above  were  pulsed  with  5-fluorouridine  (5-FUrd),  fixed,  and  stained  with  an  anti-BrdU  antibody  recognizing  incorporated  5-FUrd  (red).  Nuclei 
were  demarcated  with  DAPI,  and  an  overlay  of  the  signals  is  shown.  Representative  images  from  three  independent  experiments  are  shown. 


concomitant  failure  to  recruit  RPA194  to  rDNA  loci.  As  par¬ 
allel  controls  in  the  analysis,  we  also  analyzed  rDNA  occu¬ 
pancy  for  UBF  and  SL.l  across  the  promoter/transcribed  re¬ 
gion.  We  found  no  significant  change  for  UBF  and  SL.l  rDNA 
occupancy  between  scrambled  control  and  DHX33  knockdown 
cells,  indicating  that  the  DHX33  knockdown  specifically  re¬ 
duced  RNA  Pol  I  loading  at  rDNA  (Fig.  6B). 


To  further  explore  the  mechanism  for  the  reduced  pre- 
rRNA  synthesis  in  DHX33  knockdown  BJ  cells,  we  hypothe¬ 
sized  that  the  phosphorylation  of  UBF  resided  downstream  of 
DHX33  and  upstream  of  efficient  rDNA  transcription.  Thus, 
we  rescued  levels  of  phosphorylated  UBF  at  Ser484  with  phos- 
phomimetic  mutants  of  both  UBF1  and  UBF2  in  DHX33 
knockdown  cells.  UBF2  is  a  splice  variant  of  UBF1  but  has  a 
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FIG.  3.  DHX33  helicase  activity  is  required  for  pre-rRNA  synthe¬ 
sis.  (A  and  B)  BJ  cells  were  first  infected  with  wild-type  (WT)  or 
helicase-dead  K94N  DHX33  mutant  constructs,  followed  by  a  second¬ 
ary  infection  with  lentiviruses  containing  the  indicated  siRNA  knock¬ 
down  constructs  (scrambled  or  DHX33  specific).  Cells  were  then  se¬ 
lected  in  both  puromycin-  and  hygromycin-containing  media  and 
analyzed  by  Western  blotting  for  DHX33  and  tubulin  (A)  and  by 
qRT-PCR  for  47S  rRNA  transcript  levels  (B)  of  BJ  cells  (n  =  3). 
Numbers  of  47S  rRNA  transcripts  appear  above  each  bar.  (C)  BJ  cells 
were  grown  arrested  in  serum-free  medium  for  48  h  and  stimulated 
with  15%  serum  for  the  indicated  times.  Whole-cell  lysates  were  sub¬ 
jected  to  Western  blot  analysis  using  antibodies  recognizing  DHX33, 
pUBF  (Ser484),  cyclin  Dl,  and  tubulin.  Total  RNA  from  the  same 
samples  was  subjected  qRT-PCR  analysis  for  47S  pre-rRNA  levels  and 
is  reported  per  100  ng  RNA. 


truncated  second  high-mobility-group  (HMG)  box  and  has  a 
decidedly  weaker  activity  than  UBF1  in  bending  DNA  (19,  36). 
Knockdown  levels  for  DHX33  were  precisely  evaluated  by 
qPCR  analysis  after  normalization  with  GAPDH  mRNA  (Fig. 
7A).  Overexpression  levels  of  UBF  were  analyzed  by  Western 


B 


BT549 


DHX33  Fibrillarin  OVERLAY 


FIG.  4.  DHX33  localizes  to  cell  nucleoli.  (A)  Equal  numbers  of 
BT549  cells  and  BJ  human  primary  fibroblasts  (1  X  108  cells)  were  sep¬ 
arated  into  nucleolar  (No),  nucleoplasmic  (Np),  and  cytoplasmic  (Cy) 
fractions.  Proteins  isolated  from  each  fraction  were  analyzed  by  Western 
blotting  using  antibodies  recognizing  DHX33,  cytosolic  superoxide  dis- 
mutase  (SOD),  nucleolar  fibrillarin,  and  nuclear  lamin  Bl.  (B)  BT549 
cells,  BJ  cells,  or  p53-nu\\  MEFs  were  infected  with  a  lentivirus  encoding 
FLAG-tagged  DHX33.  At  4  days  postinfection,  transduced  cells  were 
fixed  and  stained  with  antibodies  recognizing  FLAG  (DHX33)  (green), 
fibrillarin  (red),  or  UBF  (red).  Nuclei  were  demarcated  with  DAPI. 
Transfected  BT549  cells  showed  an  overexpression  of  FLAG-DHX33  in 
the  nucleoli,  as  marked  by  fibrillarin  at  a  X20  magnification.  An  overlay 
of  signals  (yellow)  is  also  shown  for  DHX33-UBF  colocalization  at  a  X 100 
magnification  for  BJ  cells  and  p53- null  MEFs.  (C)  The  BT549  cells  de¬ 
scribed  above  were  treated  with  nocodazole  at  1  |jlM  for  18  h,  and  cells 
were  then  fixed  and  costained  with  anti-UBF  (red)  and  anti-FLAG 
(green)  antibodies  as  described  above.  DHX33  and  UBF  colocalized  at 
the  NOR,  as  shown  by  the  overlaid  yellow  signal  at  a  X 100  magnification. 


blotting  (Fig.  7B  and  D).  We  found  that  in  DHX33  knockdown 
cells,  the  weaker  UBF2  (S484D)  mutant  did  not  restore  rRNA 
transcription  (Fig.  7E).  However,  the  overexpression  of  UBF1 
(wild  type  and  S484D)  was  able  to  restore  47S  rRNA  levels 
approximately  70  to  80%  in  DHX33  knockdown  cells  (Fig. 
1C).  When  both  UBF1  and  UBF2  (wild  type  and  S484D)  were 
transduced  into  DHX33  knockdown  cells,  Pol  I  transcription 
was  restored  (Fig.  1C)  to  a  level  comparable  to  that  of  the 
scrambled  shRNA  control,  indicating  that  saturating  the  sys¬ 
tem  with  large  amounts  of  UBF  overcomes  the  deleterious 
effects  of  the  DHX33  knockdown. 
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FIG.  5.  DHX33  associates  with  rDNA  and  UBF.  (A)  Diagram  depicting  rDNA  transcribed,  nontranscribed,  and  promoter  regions  and  the  location 
for  primer  sets  used  for  chromatin  immunoprecipitation  (ChIP).  (B)  BT549  cells  transduced  with  FLAG-tagged  DHX33  were  lysed  and  incubated  with 
nonimmune  mouse  IgG  or  antibodies  recognizing  the  FLAG  epitope,  RPA194,  as  well  as  TAF110.  PCR  analysis  using  the  above-mentioned  rDNA 
primers  was  used  to  detect  DNA  sequences  associated  with  immunoprecipitation.  (C)  BT549  cells  were  fractionated,  and  equal  amounts  of  protein  lysates 
were  analyzed  by  Western  blotting  with  the  indicated  antibodies.  (D)  BT549  cells  stably  expressing  either  FLAG-tagged  DHX33  or  an  empty  vector  were 
immunoprecipitated  (IP)  with  anti-FLAG  antibody  and  immunoblotted  with  the  indicated  antibodies.  (E)  Alignment  of  DHX33  amino  acids  536  to  550 
with  the  DNA  binding  boxes  of  several  known  DEAH  DNA  helicases.  BT549  cells  were  infected  by  a  lentivirus  encoding  a  DHX33  deletion  mutant 
(A536-550).  Cells  were  fixed  and  stained  with  anti-FLAG  antibody  for  the  detection  of  the  localization  of  the  DHX33  deletion  mutant  (red)  and  anti-UBF 
antibody  (green)  as  a  nucleolar  marker  by  immunofluorescence.  (F)  BT549  cells  were  infected  by  a  lentivirus  encoding  either  wild-type  (WT)  DHX33 
or  its  deletion  mutant  (A536-550).  Whole-cell  lysates  were  prepared  at  4  days  postinfection  and  analyzed  by  Western  blotting  with  the  indicated 
antibodies.  (G)  The  above-mentioned  cells  were  fixed  and  subjected  to  ChIP  analysis.  Equal  amounts  of  cell  lysate  were  immunoprecipitated  with  either 
anti-FLAG  antibody  or  mouse  IgG.  (Error  bars  are  taken  from  data  from  2  independent  experiments.) 


DHX33  overexpression  increases  RNA  polymerase  I-medi- 
ated  transcription,  a  process  that  requires  DHX33  rDNA  bind¬ 
ing  activity.  To  more  directly  determine  the  involvement  of 
DHX33  in  RNA  polymerase  I-mediated  transcription,  we  uti¬ 


lized  lentiviral  infection  to  overexpress  DHX33  in  human 
BT549  cells.  Western  blot  analysis  showed  the  overexpression 
of  both  wild-type  DHX33  and  its  NTPase-dead  mutant  (K94N) 
(Fig.  8A).  However,  only  wild-type  DHX33  stimulated  47S 
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FIG.  6.  DHX33  deficiency  reduces  RPA194  recruitment  to  the 
rDNA  locus.  (A)  BJ  cells  were  infected  with  the  indicated  lentiviruses, 
and  whole-cell  lysates  were  subjected  to  Western  blot  analysis  using 
antibodies  recognizing  the  indicated  proteins.  (B)  Equal  amounts  of 
the  cell  lysates  described  above  were  subjected  to  ChIP  analysis  using 
anti-RPA194  or  anti-SL.l  and  anti-UBF  antibodies,  IgG,  and  the  in¬ 
dicated  rDNA  primer  sets  (H42.9,  H4,  H13,  and  H18).  The  fold 
change  for  each  antibody  or  IgG  is  shown  across  the  rDNA  locus.  Bars 
represent  standard  deviations  from  3  independent  experiments. 


rRNA  synthesis  (3-fold)  (Fig.  8B),  further  demonstrating  the 
positive  role  of  DHX33  and  its  NTPase  activity  in  rRNA  tran¬ 
scription.  To  study  the  mechanism  of  the  DHX33-mediated 
enhancement  of  rRNA  synthesis,  we  performed  ChIP  analyses 
for  cells  overexpressing  wild- type  DHX33,  an  empty  vector,  or 
K94N  mutant  DHX33.  Wild-type  but  not  K94N  mutant 
DHX33  increased  the  rDNA  occupancy  of  RNA  Pol  I  2-fold 


(Fig.  8C).  Additionally,  we  measured  the  rDNA  occupancy  of 
Rrn-3,  a  transcription-competent  subunit  of  the  RNA  poly¬ 
merase  I  complex,  and  transcription  termination  factor  (TTF) 
and  found  that  the  rDNA  occupancy  of  RRN-3  was  also  in¬ 
creased  by  2-fold  in  the  presence  of  wild-type  DHX33  but  not 
the  K94N  mutant.  We  found  no  significant  change  of  rDNA 
occupancy  for  TTF-1  in  the  presence  of  either  wild-type  or 
K94N  mutant  DHX33  (Fig.  8C). 

The  overexpression  of  the  DHX33  A536-550  DNA  binding 
mutant  caused  a  significant  reduction  in  rRNA  synthesis  com¬ 
pared  to  that  of  the  wild-type  DHX33  control  (Fig.  8D),  which 
correlated  with  a  severe  inhibition  of  RNA  polymerase  I  re¬ 
cruitment  to  rDNA  loci  (Fig.  8E).  This  further  supports  the 
idea  that  DHX33  binds  to  the  rDNA  locus  through  its  DNA 
binding  domain  to  recruit  RNA  Pol  I  and  promote  rRNA 
transcription. 

An  NTPase-defective  mutant  of  DHX33  (K94R)  acts  in  a 
dominant  negative  manner  to  inhibit  rRNA  synthesis.  To  pro¬ 
vide  more  evidence  for  the  participation  of  DHX33  and  the 
importance  of  its  NTPase  activity  in  rRNA  transcription,  we 
generated  an  additional  NTPase-defective  mutation  of 
DHX33,  K94R.  The  DHX33  K94R  mutant  localized  properly 
to  nucleoli  (Fig.  9A).  BT549  cells  were  transduced  with  a 
lentivirus  expressing  either  the  wild  type  or  the  DHX33  K94R 
mutant  (Fig.  9B)  and  were  assayed  for  rRNA  transcription.  We 
found  that  wild-type  DHX33  was  able  to  enhance  rRNA  syn¬ 
thesis  by  more  than  2-fold,  while  the  K94R  mutant  inhibited 
rRNA  synthesis  by  2-fold  compared  to  cells  transduced  with  an 
empty  vector  (Fig.  9C),  indicating  that  endogenous  DHX33 
was  competitively  inhibited  by  the  overexpressed  DHX33 
K94R  mutant.  We  hypothesized  that  mutant  DHX33  might 
therefore  bind  equally  well  to  UBF.  Indeed,  the  coimmuno- 
precipitation  of  UBF  with  FFAG-tagged  wild-type  and  mutant 
DHX33  showed  that  the  K94R  mutant  of  DHX33  bound  to 
UBF  as  well  as  wild-type  DHX33  (Fig.  9D),  providing  further 
mechanistic  evidence  that  the  NTPase  activity  of  DHX33  is 
critical  for  its  function  in  rRNA  synthesis. 

DHX33  is  required  for  maintenance  of  nucleolar  integrity. 
Previous  studies  have  shown  that  the  transcriptional  repression 
of  rRNA  synthesis  alters  the  normal  nucleolar  structure  (33). 
To  establish  the  consequences  of  the  DHX33  knockdown  on 
nucleolar  morphology,  two  different  nucleolar  markers,  nu- 
cleophosmin  (NPM)  and  fibrillarin,  were  used  to  mark  the 
nucleolus  after  DHX33  knockdown  in  BJ  fibroblasts.  NPM- 
and  fibrillarin-marked  nucleoli  became  less  distinct  and  much 
smaller  following  the  DHX33  knockdown  (Fig.  10A).  We  ver¬ 
ified  that  the  contraction  of  nucleoli  was  not  due  to  decreased 
protein  expression  levels  for  either  NPM  or  fibrillarin  (Fig. 
10B).  Furthermore,  silver  staining  for  nucleolar  organizing 
regions  (30)  was  also  performed  on  both  control  and 
DHX33  knockdown  cells  to  further  document  changes  in 
nucleolar  morphology.  Following  the  DHX33  knockdown 
(Fig.  10C),  the  nuclear  area  occupied  by  AgNOR  staining 
was  significantly  reduced  (Fig.  10D),  consistent  with  previ¬ 
ous  studies  linking  changes  in  pre-rRNA  transcription  with 
nucleolar  morphology  (5). 

DHX33  is  essential  for  cell  growth,  with  a  DHX33  deficiency 
inducing  p53-dependent  cell  cycle  arrest.  During  our  initial 
RNA  interference  screening,  we  observed  changes  in  cellular 
morphology  in  BJ  cells  transduced  with  shRNAs  targeting 


80 


Downloaded  from  http://mcb.asm.org/  on  April  16,  2013  by  Washington  University  in  St.  Louis 


Vol.  31,  2011 


DHX33  REGULATES  rRNA  SYNTHESIS  AND  CELL  GROWTH  4685 


/  \  120 
100 

f « 80 
60 

CO  © 

X  “ 


X 

Q 


40 

20 

0 


9  N/ 


<? 


y  /'  </  /•'  /■  /"  / 


& 


I 

PI 

1 

1 

1 

1 

1 

T 

#  <?x 


<r 


*■  ^  # 


N* 


FIG.  7.  Overexpression  of  UBF  restores  47S  rRNA  levels  in  the  absence  of  DHX33.  (A)  BJ  cells  were  first  infected  with  the  indicated 
lentiviruses  encoding  the  empty  vector  or  UBF1/UBF2  (wild  type  or  S484  mutant)  and  then  infected  with  a  lentivirus  encoding  either 
scrambled  or  shRNA-DHX33  lentivirus.  Total  RNA  was  prepared  4  days  after  the  last  infection,  and  the  total  mRNA  level  of  DHX33  is 
shown  after  normalization  to  GAPDH  mRNA  levels,  vc,  vector  control.  (B)  Whole-cell  lysates  were  prepared  from  the  above-mentioned  cells 
and  were  subjected  to  Western  blot  analysis  with  anti-UBF  and  anti-tubulin  antibodies.  (C).  RNA  polymerase  I  transcriptional  activity  was 
detected  by  qRT-PCR  analysis  of  human  47S  rRNA  transcripts  from  equal  amounts  of  total  RNA  samples  (*,  P  <  0.01  for  n  =  3).  (D)  BJ 
cells  were  first  infected  with  the  indicated  lentiviruses  encoding  the  empty  vector  or  UBF2  (wild  type  or  S484  mutants)  and  then  infected 
with  a  lentivirus  encoding  either  scrambled  or  shRNA-DHX33  lentivirus.  Whole-cell  lysates  were  prepared  4  days  after  the  second  infections 
and  were  subjected  to  Western  blotting  with  the  indicated  antibodies.  (E)  RNA  polymerase  I  transcriptional  activity  was  detected  by 
qRT-PCR  analysis  of  human  47S  rRNA  transcripts  from  equal  amounts  of  total  RNA  samples. 
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FIG.  8.  DHX33  overexpression  increases  rRNA  transcription.  (A)  BT549  cells  were  infected  with  lentiviruses  encoding  FLAG-tagged  wild-type 
(WT)  DHX33,  K94N  mutant  DHX33,  or  an  empty  vector.  Cell  lysates  were  analyzed  for  DHX33  expression  by  Western  blot  analysis  using 
antibodies  recognizing  the  FLAG  epitope,  DHX33,  RPA194,  TTF,  Rrn-3,  and  tubulin.  (B)  BT549  cells  were  selected  in  hygromycin  for  3  days  and 
harvested  48  h  after  selection  for  total  RNA  extraction.  RNA  polymerase  I  transcriptional  activity  was  detected  by  qRT-PCR  analysis  of  human 
47S  rRNA  transcripts  (*,  P  <  0.01  for  n  =  3).  (C)  The  BT549  cells  described  above  were  fixed  and  immunoprecipitated  for  ChIP  analysis  with 
anti-RPA194,  anti-Rrn,  and  anti-TTF  antibodies  and  IgG.  The  indicated  primer  sets  (H42.9,  HI,  H4,  H8,  H13,  and  H18)  were  used  for  PCR 
amplifications.  Error  bars  are  taken  from  2  independent  experiments.  (D)  BT549  cells  were  infected  with  lentiviruses  encoding  FLAG-tagged 
wild-type  (WT)  DHX33  or  A536-550  mutant  DHX33.  Total  RNA  was  extracted.  RNA  polymerase  I  transcriptional  activity  was  detected  by 
qRT-PCR  analysis  of  human  47S  rRNA  transcripts  from  equal  amounts  of  total  RNA  samples  (*,  P  <  0.01  for  n  =  3).  (E)  The  above-mentioned 
cells  were  fixed  and  subjected  to  ChIP  analysis  with  anti-RPA194  antibody.  Equal  amounts  of  cell  lysates  were  used  for  immunoprecipitation,  and 
data  presented  are  fold  enrichments  of  anti-RPA194/IgG  across  the  indicated  rDNA  loci.  Error  bars  are  taken  from  data  from  3  independent 
experiments. 


DHX33.  Moreover,  previous  studies  have  shown  clear  links 
between  nucleolar  integrity  and  p53  activation,  with  altered 
nucleoli  resulting  in  a  p53-dependent  stress  response  (31). 
Compared  to  control  cells,  DHX33  knockdown  cells  were  sig¬ 


nificantly  smaller  (Fig.  11A).  This  diminished  size  was  further 
verified  by  measuring  the  diameter  of  individual  cells.  BJ  cells 
transduced  with  scrambled  control  shRNAs  measured  19.6  p>m 
in  diameter,  while  transduction  with  shRNA  2  and  shRNA  3 
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vector  control  WT-DHX33  K94R-DHX33 


FIG.  9.  A  helicase-defective  mutant  of  DHX33  inhibits  endoge¬ 
nous  rRNA  synthesis  in  a  dominant  negative  manner.  (A)  BT549  cells 
were  infected  with  a  lentivirus  encoding  either  wild-type  DHX33,  the 
K94R  DHX33  mutant,  or  an  empty  vector.  Cells  that  were  infected 
with  the  K94R  DHX33  mutant  were  fixed  and  stained  with  anti-FLAG 
antibody  to  check  for  the  localization  of  mutant  DHX33  (green)  and 
UBF  (red).  Nuclei  were  demarcated  with  DAPI,  and  the  overlaid 
image  is  shown.  The  DHX33  K94R  mutant  colocalized  with  UBF,  as 
shown  in  yellow  in  the  nucleolus.  (B)  The  BT549  cells  described  above 
were  harvested  for  whole-cell  extraction.  Equal  amounts  of  protein 
lysate  were  analyzed  by  Western  blotting  to  detect  the  expression  of 
the  wild  type  or  the  DHX33  K94R  mutant  with  the  indicated  antibod¬ 
ies.  (C)  The  BT549  cells  described  above  were  harvested  as  described 
above  for  total  RNA  extraction.  Endogenous  rRNA  transcription  was 
monitored  by  qPCR  analysis  of  human  47S  rRNA  transcript  levels 
(P  <  0.001  [n  =  3]).  (D)  The  BT549  cells  described  above  were 
immunoprecipitated  with  anti-FLAG  tag  antibody  and  immunoblotted 
with  the  indicated  antibodies. 


targeting  DHX33  resulted  in  cell  diameters  of  18.1  and  17.9 
lam,  respectively  (P  <  0.05)  (Fig.  11B).  These  findings  corre¬ 
late  with  our  initial  screen,  which  identified  DHX33  expression 
as  a  requirement  for  maintaining  47S  rRNA  transcript  levels 
(Fig.  11C);  reduced  levels  of  rRNA  transcripts  would  predict  a 
commensurate  reduction  in  the  overall  cell  size. 

Recent  studies  have  emphasized  a  new  role  for  the  nucleolus 
as  a  sensor  of  cellular  stress  (21,  22,  31,  50).  In  this  context,  a 
disruption  of  rRNA  synthesis  results  in  a  prototypical  p53 
response,  often  triggering  cell  cycle  arrest  (29,  31).  We  sought 
next  to  determine  whether  the  loss  of  DHX33  would  trigger  a 
similar  response.  Proliferation  curves  of  human  primary  fi¬ 
broblast  cells  were  generated  following  infection  with  lenti- 
viruses  encoding  shRNAs  targeting  DHX33  (Fig.  11C).  Cell 
proliferation  was  reduced  upon  the  DHX33  knockdown 
(Fig.  11C).  The  DHX33  reduction  also  induced  a  significant 
Gx  cell  cycle  arrest  following  FACS  analysis  of  transduced 
BJ  cells  (Fig.  11D). 

The  reduction  in  DHX33  expression  levels  in  BJ  fibroblasts 
resulted  in  a  significant  induction  of  both  p53  and  p21  protein 
expression  (Fig.  11E).  To  determine  whether  the  cell  cycle 
arrest  following  the  DHX33  loss  was  solely  p53  dependent,  we 


infected  p53- null  mouse  embryonic  fibroblasts  (MEFs),  com¬ 
pared  to  wild-type  MEFs,  with  lentiviruses  encoding  shRNAs 
targeting  DHX33.  For p53- null  MEFs,  we  did  not  observe  any 
significant  differences  in  the  cell  cycle  profiles  between  scram¬ 
bled  and  DHX33  shRNA-infected  cells  (Fig.  11F)  despite  our 
ability  to  knock  down  DHX33  by  50%  (Fig.  11H).  Addition¬ 
ally,  we  did  not  observe  a  decrease  in  UBF  Ser484  phosphor¬ 
ylation  in  /753-null  MEFs  exhibiting  a  reduction  in  DHX33 
protein  expression  levels  (Fig.  11H),  suggesting  that  the  inhi¬ 
bition  of  UBF  phosphorylation  upon  the  loss  of  DHX33  is  p53 
dependent  and  is  an  indirect  result  of  cell  cycle  arrest  following 
the  depletion  of  DHX33.  This  further  supports  the  notion  that 
DHX33  is  essential  for  pre-rRNA  synthesis  regardless  of  the 
UBF  phosphorylation  status.  Previous  reports  have  shown  that 
p53  induction  can  repress  RNA  polymerase  I-mediated  tran¬ 
scription  under  certain  conditions  (4,  52).  However,  in  /755-null 
MEFs,  the  synthesis  of  47S  rRNA  was  still  decreased  by  up  to 
75%  upon  the  DHX33  knockdown  (Fig.  11G),  indicating  that 
the  attenuation  of  47S  rRNA  synthesis  following  the  loss  of 
DHX33  is  p53  independent. 

DISCUSSION 

The  DEAD/D EAH-box  protein  family  consists  of  57  mem¬ 
bers;  family  members  are  encoded  as  relatively  large  proteins 
of  more  than  400  amino  acids  in  length.  In  addition  to  a  core 
helicase  domain,  there  are  also  extending  N-terminal  and  C- 
terminal  domains  that  are  thought  to  be  involved  in  protein- 
protein/RNA  interactions  (20).  Although  generally  believed  to 
contain  probable  RNA  helicase/unwindase  activity,  some 
members  of  the  DDX/DHX  family,  such  as  DHX9  (also  called 
RNA  helicase  A),  have  also  been  shown  to  bind  DNA  and 
function  as  a  DNA  helicase  (53).  In  fact,  DEAH  RNA  heli- 
cases  contain  some  degree  of  structural  homology  to  DNA 
helicases  (13).  Other  than  their  functions  in  general  RNA 
metabolism,  including  RNA  splicing,  translation,  rRNA  pro¬ 
cessing,  and  mRNA  decay,  some  DDX/DHX  proteins,  includ¬ 
ing  DHX9  (26),  DDX5/DDX17  (46,  48),  DHX20  (49),  and 
DDX21  (47),  have  been  found  to  play  important  roles  in  tran¬ 
scriptional  regulation  (8).  Specifically,  DHX9  has  been  shown 
to  bind  directly  to  RNA  polymerase  II  through  the  concerted 
efforts  of  its  helicase  core  domain  and  N-terminal  domain  (26). 
Other  DDX  proteins,  such  as  DDX5,  DDX20,  and  DDX21, 
can  function  as  transcriptional  coactivators  or  repressors 
through  direct  protein-protein  interactions  (8).  Our  large-scale 
screen  in  this  study  focused  on  important  players  in  RNA 
polymerase  I  transcription  in  the  nucleolus,  a  cellular  activity 
which  none  of  the  DDX/DHX  family  of  proteins  had  been 
associated  with  to  date.  Within  the  entire  DEAD/DEAH-box 
protein  family,  over  half  of  ah  DDX/DHX  proteins  localize  to 
the  nucleolus,  making  them  prime  candidates  for  RNA  poly¬ 
merase  I-mediated  transcriptional  regulation. 

The  regulation  of  RNA  polymerase  I  transcription  succumbs 
to  multiple  forms  of  intracellular  stress  or  perturbations  in 
signaling  events  involved  in  cell  growth  (10).  Additionally,  the 
nucleolus  can  act  as  a  sensor  of  DNA  damage,  nutrient  avail¬ 
ability,  and  stress  signals  to  shut  down  rRNA  synthesis  (10,  21, 
31).  In  this  report,  we  observed  decreases  in  levels  of  rRNA 
synthesis  after  knocking  down  many  members  of  the  nucleolar 
DEAD/DEAH-box  protein  family.  Whether  all  of  these  pro- 
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FIG.  10.  Altered  nucleolar  morphology  in  the  absence  of  DHX33.  (A  and  B)  BJ  cells  infected  with  the  indicated  shRNA-encoding  lentiviruses 
were  subjected  to  immunofluorescence  microscopy  with  either  antifibrillarin  (A)  or  anti-NPM  (B)  antibody.  A  typical  image  is  shown  for  each 
sample.  (C)  The  above-mentioned  cells  were  harvested,  and  whole-cell  lysates  were  analyzed  by  Western  blotting  using  antibodies  recognizing 
DHX33,  fibrillarin,  NPM,  and  tubulin.  (D)  Infected  BJ  cells  were  fixed  and  stained  with  silver.  Silver-stained  nucleoli  were  visualized  by 
phase-contrast  microscopy.  (E)  Quantitation  of  silver-stained  nucleolar  area  versus  total  nuclear  area  for  >100  cells,  given  as  percentages  by  use 
of  MetaMorph  software  (*,  P  <  0.001  for  n  =  3). 


teins  are  directly  required  for  RNA  polymerase  I-mediated 
transcription  remains  a  critical  question.  Given  the  feedback 
loop  between  cellular  stress  and  reduced  nucleolar  function,  it 
is  possible  that  a  reduced  expression  level  of  DEAD/DEAH 
proteins  elicits  a  stress  signal  that  ultimately  reduces  rRNA 
synthesis  and  cell  growth. 

Our  findings  provide  a  direct  link  between  critical  roles  of 
DHX33  in  cell  growth  and  rRNA  synthesis.  The  DHX33 


knockdown  exhibited  a  great  degree  of  rRNA  synthesis  in¬ 
hibition  (10-fold)  in  relation  to  the  extent  of  the  knockdown 
achieved  for  the  entire  nucleolar  helicase  family  screened. 
This  drastic  degree  of  reduction  of  rRNA  synthesis  upon  a 
DHX33  deficiency  implicates  its  pivotal  role  in  RNA  poly¬ 
merase  I-mediated  transcription.  We  have  shown  that 
DHX33  participates  in  rRNA  transcription  through  its  in¬ 
teraction  with  one  of  the  key  players  in  RNA  polymerase 
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FIG.  11.  DHX33  is  essential  for  cell  growth,  and  DHX33  deficiency  induces  cell  cycle  arrest.  (A)  BJ  cells  were  infected  with  lentiviruses 
encoding  scrambled  or  two  DHX33  short  hairpins.  Live  cells  were  visualized  5  days  after  lentiviral  infection.  (B)  The  infected  cells  described 
above  were  trypsinized  and  subjected  to  size  analysis  using  the  Coulter  method.  (C)  BJ  cells  were  infected  with  two  different  shRNA-DHX33 
lentiviruses,  selected  for  3  days,  replated  (7.5  X  103  cells),  and  manually  counted  daily  for  5  days.  (D)  The  BJ  cells  described  above  were 
trypsinized  and  fixed  with  75%  ethanol.  Cell  cycle  analysis  were  performed  with  a  FACSCalibur  instrument  after  propidium  iodide  staining. 
(E)  Whole-cell  lysates  from  the  above-mentioned  BJ  cells  were  subjected  to  Western  blot  analysis  using  antibodies  recognizing  DHX33,  p53, 
p21,  and  tubulin.  (F)  Wild-type  MEFs  (WT  MEFs)  or  p53- null  MEFs  were  infected  with  lentiviruses  encoding  scrambled  or  DHX33  short 
hairpin  RNA.  Cells  were  trypsinized  and  subjected  to  cell  cycle  analysis  at  5  days  postinfection.  (G)  Total  RNAs  were  extracted  from  the 
above-described  infected  cells  and  analyzed  for  47S  pre-rRNA  by  qRT-PCR  based  on  100  ng  of  total  RNA  and  normalized  to  the  scrambled 
control  of  wild-type  MEFs.  Bars  represent  standard  deviations  from  3  separate  experiments.  (H)  Total  cell  lysates  were  prepared  from  the 
above-mentioned  BJ  cells  and  subjected  to  Western  blot  analysis  using  antibodies  recognizing  DHX33,  phospho-UBF  (Ser484),  UBF,  and 
tubulin. 
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I-mediated  transcription,  UBF,  an  rDNA  architectural  pro¬ 
tein. 

Ser484  of  UBF  is  phosphorylated  by  two  Grspecific  protein 
kinase  holoenzymes,  cyclin  D1-CDK4  and  cyclin  E-CDK2  (44). 
We  originally  postulated  that  the  loss  of  DHX33,  which  in¬ 
duced  a  significant  G1  cell  cycle  arrest  in  wild-type  cells,  might 
result  in  a  loss  of  UBF  phosphorylation  through  an  indirect 
means.  Specifically,  Gx -arrested  DHX33  knockdown  cells 
should  exhibit  decreased  CDK4  and  CDK2  activities,  thus  re¬ 
ducing  UBF  Ser484  phosphorylation.  Moreover,  we  showed 
that  the  loss  of  DHX33  triggered  a  potent  p53  response  with  a 
rapid  induction  of  p21,  a  well-known  inhibitor  of  CDK2  activity 
(12).  However,  we  demonstrated  that  the  DHX33  loss  in  p53- 
null  MEFs  did  not  cause  a  reduction  of  UBF  Ser484  phosphor¬ 
ylation  but  still  diminished  rRNA  transcription  levels  without 
cell  cycle  arrest.  Thus,  it  appears  more  likely  that  DHX33 
exerts  a  more  direct  effect  on  rRNA  transcription  through 
influencing  the  rDNA  occupancy  of  RNA  polymerase  I,  an 
effect  that  we  have  also  shown  requires  DHX33’s  NTPase 
activity. 

Our  data  have  identified  a  novel  protein,  DHX33,  as  a  crit¬ 
ical  player  in  ribosome  RNA  transcription.  We  have  shown 
that  DHX33  is  a  nucleolar  chromatin  binding  protein,  where  it 
associates  with  UBF  and  rDNA  loci.  UBF,  as  an  rDNA  chro¬ 
matin-modulating  protein,  binds  across  the  entire  rDNA  pro¬ 
moter  and  the  transcribed  as  well  as  the  nontranscribed  re¬ 
gions  to  facilitate  changes  in  the  rDNA  conformation  in  order 
to  fully  activate  rRNA  transcription.  Our  findings  are  consis¬ 
tent  with  the  idea  that  DHX33,  through  both  its  NTPase  ac¬ 
tivity  and  DNA  binding,  might  facilitate  the  conformational 
change  of  rDNA  through  the  hydrolysis  of  ATP.  Thus,  DHX33 
would  act  as  a  crucial  interaction  partner  for  UBF  during  this 
essential  process  in  order  to  promote  rDNA  transcription. 
Further  elucidation  of  the  extent  of  the  regulation  imposed  on 
the  cell  by  this  family  of  RNA  helicases  could  deepen  our 
understanding  of  several  essential  biological  processes. 
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DHX33  is  a  pivotal  DEAH-box  RNA  helicase  in  the  multistep  process  of  RNA  polymerase  I-directed  transcription  of  the  ribo- 
somal  DNA  locus.  We  explored  the  regulation  of  DHX33  expression  by  RasV12  and  ARF  to  determine  DHX33’s  role  in  sensing 
these  opposing  signals  to  regulate  ribosome  biogenesis.  In  wild-type  primary  fibroblasts,  RasV12  infection  induced  a  transient 
increase  in  DHX33  protein  level,  as  well  as  an  rRNA  transcriptional  rate  that  was  eventually  suppressed  by  a  delayed  activation 
of  the  ARF/p53  pathway.  DHX33  expression  was  exclusively  controlled  at  the  level  of  translation.  ARF  caused  a  dramatic  reduc¬ 
tion  in  polysome-associated  DHX33  mRNAs,  while  RasV12  led  to  a  complete  shift  of  existing  DHX33  mRNAs  to  actively  translat¬ 
ing  polysomes.  The  translation  of  DHX33  by  RasV12  was  sensitive  to  inhibitors  of  phosphatidylinositol  3-kinase,  mTOR,  and 
mitogen-activated  protein  and  was  pivotal  for  enhanced  rRNA  transcription  and  enhanced  overall  cellular  protein  translation. 
In  addition,  DHX33  knockdown  abolished  Rasvl2-induced  rRNA  transcription  and  protein  translation  and  prevented  both  the 
in  vitro  and  in  vivo  transforming  properties  of  oncogenic  RasV12.  Our  results  directly  implicate  DHX33  as  a  crucial  player  in 
establishing  rRNA  synthesis  rates  in  the  face  of  RasV12  or  ARF  signals,  adjusting  ribosome  biogenesis  to  match  the  appropriate 
growth  or  antigrowth  signals. 


Cancers  frequently  harbor  genetic  mutations  that  activate  on¬ 
cogenes  or  inactivate  tumor  suppressors,  leading  to  uncon¬ 
trolled  cell  growth,  evasion  of  apoptosis,  and  other  enhanced  cel¬ 
lular  properties  (1).  To  accommodate  the  rapid  proliferation  of 
cancer  cells,  several  associated  biological  activities  are  also  aug¬ 
mented  in  cancer  cells  (2).  Recently,  increasing  evidence  has 
shown  that  cancer  cells  often  increase  ribosome  production  to 
improve  protein  translation  and  cell  growth  (3-7).  Ribosome  bio¬ 
genesis  is  frequently  targeted  by  activated  oncogenes  and  re¬ 
pressed  by  tumor  suppressors  (as  reviewed  in  references  3  and  8). 
In  fact,  the  link  between  nucleolar  hypertrophy  and  tumorigenesis 
was  recognized  more  than  100  years  ago  (8,  9).  More  recent  data 
indicate  that  a  marked  increase  in  rRNA  synthesis  is  a  general 
attribute  of  many  cancers  (9, 10),  which  is  consistent  with  the  idea 
that  changes  in  rRNA  synthesis  may  be  prerequisite  alteration 
in  the  progression  to  cellular  transformation.  The  rate  of  can¬ 
cer  cell  proliferation  in  tumors  is  directly  proportional  to  nu¬ 
cleolar  size  and  RNA  polymerase  I  (Pol  I)  activity,  with  over¬ 
expression  of  pre-rRNA  correlating  with  poor  prognosis  in 
many  cancers  (10-13). 

Ribosome  biogenesis  largely  occurs  in  the  nucleolus  and  is  a 
highly  coordinated  biological  process  that  includes  rRNA  synthe¬ 
sis,  modification,  processing,  and  assembly  into  ribosome  sub¬ 
units  (10, 14-16).  It  is  tightly  controlled  and  directly  linked  to  cell 
cycle  events;  defects  in  ribosome  biogenesis  often  lead  to  apoptosis 
or  cell  cycle  arrest  (17-19).  The  initial  step  of  ribosome  biogenesis, 
ribosomal  DNA  (rDNA)  transcription,  is  subject  to  numerous 
layers  of  regulation  (20-22).  Human  rDNA  contains  >400  copies 
of  the  rRNA  genes,  organized  in  tandem  arrays  on  five  different 
human  chromosomes.  Initiation  of  rDNA  transcription  requires 
assembly  of  a  specific  multiprotein  complex  including  Pol  I  and 
numerous  associated  proteins  (3,  10).  Two  of  these  proteins  are 
upstream  binding  factor  (UBF)  and  the  promoter  selectivity  fac¬ 
tor,  SL1/TIF-IB.  Interaction  of  these  two  proteins  at  rDNA  pro¬ 
moter  leads  to  assembly  of  the  preinitiation  complex  and  subse¬ 


quent  transcriptional  activation  at  the  promoter  (15, 23).  Given  its 
extreme  importance  in  initiating  ribosome  biogenesis,  rDNA 
transcription  is  greatly  influenced  by  the  Ras,  Myc,  and  NPM  on¬ 
cogenes,  as  well  as  the  ARF,  p53,  and  PTEN  tumor  suppressors 
(14,  16,  24-29). 

We  previously  identified  the  nucleolar  DHX33  DEAH-box 
RNA  helicase  as  an  important  mediator  of  RNA  Pol  I  transcription 
through  its  interaction  with  UBF  at  rDNA  loci  following  serum 
stimulation  (30).  In  the  present  study,  we  explored  the  mecha¬ 
nism  underlying  DHX33  regulation.  We  now  report  that  DHX33 
is  positioned  at  the  crossroads  of  opposing  Ras  and  ARF  activities; 
oncogenic  RasV12  stimulates  but  ARF  represses  translation  of  ex¬ 
isting  DHX33  mRNAs.  In  this  manner  we  show  that,  DHX33  is 
used  as  an  endpoint  of  contrasting  signals  to  set  ribosome  biogen¬ 
esis  rates.  Using  xenograft  models  and  established  Ras  mutant 
cancer  cell  lines,  we  demonstrate  that  DHX33  accumulation  is 
pivotal  for  RasV12  to  initiate  tumor  formation. 

MATERIALS  AND  METHODS 

Cell  culture.  Wild-type  mouse  embryonic  fibroblasts  (MEFs),  Arj~'~  ear 
fibroblasts,  Arj~'~  MEFs,  p53~'~  MEFs,  p53~/~;  Mdm2~'~  MEFs,  and 
p53~/~;  Mdm2~/~\  Arj~'~  MEFs  were  isolated  from  C57BL/6/Svl29 
mixed  mice.  BxPC-3,  Capan-2,  Miapaca-2,  and  Panc-1  pancreatic  cancer 
cell  lines  were  kindly  provided  by  Andrea  Wang-Gillam  (Washington 
University),  BeaS2B  cells  were  provided  by  Gregory  Longmore  (Washing¬ 
ton  University),  and  H441  and  A549  lung  cancer  cells  were  provided  by 
Steven  Brody  (Washington  University).  BxPC-3  and  H441  cells  were 
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grown  in  RPMI  1640  containing  10%  fetal  bovine  serum  (FBS)  with  an¬ 
tibiotics  and  supplements  (10  mmol  of  HEPES,  4.5  g  of  glucose,  2  mmol  of 
L-glutamine,  and  1  mmol  of  sodium  pyruvate/liter).  A549  cells  were 
grown  in  F-12  medium  supplemented  with  10%  FBS  and  1%  penicillin- 
streptomycin.  All  other  cells  were  maintained  in  Dulbecco  modified  Eagle 
medium  (DMEM)  supplemented  with  10%  FBS  and  1%  penicillin-strep¬ 
tomycin.  All  cell  lines  were  incubated  at  37°C  with  5%  C02  in  a  humidi¬ 
fied  incubator.  U0126  and  LY294002  were  purchased  from  Sigma.  Rapa- 
mycin  was  purchased  from  LC  laboratories. 

Western  blotting  and  antibodies.  Whole-cell  lysates  were  prepared 
by  incubation  with  IX  NP-40  buffer  that  included  0.5%  NP-40  and  1% 
sodium  dodecyl  sulfate  (SDS)  supplemented  with  HALT  protease  and 
phosphatase  inhibitors  (Sigma).  Lysates  were  cleared  by  centrifugation 
and  protein  concentration  was  tested  by  DC  assay  (Bio-Rad).  Lysates  were 
boiled  with  SDS  sample  buffer,  separated  by  SDS-PAGE,  and  transferred 
to  polyvinylidene  difluoride  membrane  (Millipore).  Membranes  were 
blocked  in  5%  nonfat  dry  milk  TBS-T  buffer  (10  mmol  of  Tris-HCl  [pH 
7.4] /liter,  150  mmol  of  NaCl/liter,  0.1%  Tween  20)  and  incubated  in  pri¬ 
mary  antibodies  diluted  in  blocking  buffer  at  4°C  overnight.  Blots  were 
washed  with  TBS-T  buffer  and  incubated  with  horseradish  peroxidase- 
conjugated  secondary  antibodies  (1:10,000;  GE  Healthcare)  in  blocking 
buffer  at  room  temperature.  Immune  complexes  were  visualized  with  an 
enhanced  chemiluminescence  kit  (GE  Healthcare).  Primary  antibodies 
for  immunodetection  were  sourced  as  follows:  anti-ARF  (rat;  Santa  Cruz), 
antitubulin  (goat;  Santa  Cruz),  anti-DHX33  (Novus),  anti-S6  (Cell  Sig¬ 
naling),  anti-pS6  (Cell  Signaling),  anti-NFl  (Santa  Cruz),  anti-Ras  (Santa 
Cruz),  anti-p53  (Cell  Signaling),  anti-AKT  (Cell  Signaling),  and  anti- 
pS473-AKT  (Cell  Signaling). 

Quantitative  reverse  transcription-PCR  (qRT-PCR).  Primers  were 
all  designed  by  Primer  Express  2.0  software  and  purchased  from  Inte¬ 
grated  DNA  technologies.  Total  RNA  was  extracted  by  NucleoSpin  II 
(Clontech)  RNA  isolation  kit  and  was  reverse  transcribed  into  cDNA  by 
Superscript  III  first-strand  synthesis  kit  (Invitrogen).  PCRs  were  per¬ 
formed  on  Bio-Rad  Cl 000  thermal  cycler  and  managed  with  Bio-Rad 
CFX96  software.  For  analysis  of  47S  rRNA  transcript  levels,  SYBR  green 
FastMix  (Quanta  Biosciences)  was  used  and  transcript  quantification  was 
performed  by  comparison  with  standard  curves  generated  from  dilution 
series  of  cDNA  of  human  47S  rRNA  (cloned  in  pCR2.  ITopo) .  SYBR  green 
mix  from  Bio-Rad  was  used  for  all  other  qRT-PCR  analysis.  Transcript 
quantification  was  calculated  based  on  the  value  of  A  A  CT  after  normal¬ 
ization  to  GAPDH  (glyceraldehyde-3-phosphate  dehydrogenase)  values. 
Melting  curve  analysis  confirmed  that  single  products  were  amplified. 

Focus  assay.  Human  cancer  cell  lines  were  infected  by  pLKO.l  lenti- 
virus  encoding  shScrambled  RNA  or  shRNA  to  knockdown  DHX33,  and 
cells  were  selected  by  puromycin  for  2  days.  Cells  were  then  plated  at  a 
density  of  104  per  100-mm  dish  and  grown  for  10  to  20  days.  Colonies 
were  washed  with  cold  phosphate-buffered  saline  twice  and  fixed  with 
100%  methanol  for  10  min  at  room  temperature.  Colonies  were  then 
stained  with  Giemsa  stain  for  1  h  at  room  temperature  and  washed  with 
water  before  air-dried  and  photographed. 

Soft  agar  assay.  A  total  of  104  cells  were  mixed  in  4.0  ml  of  0.3% 
agar-1  X  DMEM-10%  FBS  as  the  top  agar  and  plated  into  60-mm  plates 
with  4.0  ml  of  0.6%  agar-1  X  DMEM-10%  FBS  as  the  base  agar.  Plates 
were  incubated  at  37°C  and  checked  every  3  days,  and  the  cells  were  fed 
with  2.0  ml  of  0.3%  agar-1  X  DMEM-10%  FBS  every  week.  The  colonies 
were  photographed  and  counted  2  to  3  weeks  later. 

Polysome  profiles.  Cells  (3  X  106)  after  transduction  with  the  indi¬ 
cated  virus  for  96  h  were  treated  with  10  pig  of  cycloheximide/ml  prior  to 
harvesting  and  counting.  Cells  were  subjected  to  cytoplasmic  ribosome 
fractionation  as  described  previously  using  a  sucrose  density  gradient  sys¬ 
tem  ranging  from  7  to  47%  (Teledyne  ISCO).  Fractions  were  collected, 
and  RNA  was  extracted  with  TRIzol  and  converted  into  cDNA  with  su¬ 
perscript  reverse  transcriptase  III  (Invitrogen)  before  quantitative  PCR 
analysis  with  the  appropriate  primers. 


[3H] uridine  pulse-chase  labeling.  Cells  were  first  infected  with  the 
indicated  virus.  At  3  days  postinfection,  the  cells  were  replated  at  a  con¬ 
fluence  of  60  to  70%  per  plate.  On  the  following  day,  the  cells  were  then 
pulsed  with  [3H] uridine  at  a  concentration  of  2.5  pCi/ml  for  30  min  and 
chased  with  unradiolabeled  uridine  at  a  concentration  of  5  mM  for  the 
indicated  time  points.  Approximately  2  X  106  cells  were  pelleted,  and  the 
total  RNA  was  isolated  after  dissolving  cells  in  RNAsolv  (Omega  Biotek, 
Norcross,  GA).  Formaldehyde  RNA  denaturing  gel  was  run  to  separate 
different  species  of  rRNA  and  then  transferred  to  nylon  HybondT  mem¬ 
brane.  After  UV  cross-linking  and  spraying  with  Enhancer  (Perkin 
Elmer),  the  membrane  was  exposed  to  film  and  subjected  to  autora¬ 
diography. 

[35S]  methionine  incorporation.  Cells  were  starved  in  cysteine-methi- 
onine-free  medium  for  4  h  and  then  pulsed  with  [35S] methionine  (50 
piCi/ml) -containing  medium  for  30  min  before  being  harvested.  The  cells 
were  lysed,  and  supernatants  were  precipitated  with  trichloroacetic  acid  at 
a  concentration  of  10%.  Protein  pellets  were  subsequently  dissolved  by 
1%  SDS  and  analyzed  for  protein  concentration.  The  samples  were  then 
analyzed  for  radioactivity  by  liquid  scintillation  counting.  The  data  pre¬ 
sented  were  normalized  based  on  equal  amount  of  protein  in  each  sample. 

Mouse  xenografts.  Animals  were  handled  according  to  protocols  ap¬ 
proved  by  the  Washington  University  Animal  Studies  Committee.  Nude 
mice  were  purchased  from  Jackson  laboratories.  Arf- null  cells  after  trans¬ 
duction  with  the  indicated  virus  were  injected  subcutaneously  with  106 
cells  into  the  flanks  of  mice.  Tumors  were  dissected  after  2  weeks  and 
photographed. 

RESULTS 

pl9ARF  induction  during  oncogenic  stress  lowers  DHX33  pro¬ 
tein  levels.  ARF  is  the  principal  tumor  surveillance  protein  charge 
with  preventing  aberrant  cell  growth  and  proliferation  during  on¬ 
cogenic  insult  (18,  31).  In  wild-type  primary  fibroblasts,  onco¬ 
genic  RasV12  induces  ARF  protein  expression,  resulting  in  subse¬ 
quent  p53  activation  and  cell  cycle  arrest.  Numerous  tumor 
suppressers  and  oncogenes  are  known  to  influence  the  levels  and 
activities  of  key  molecules  involved  in  rDNA  transcription,  sug¬ 
gesting  that  rRNA  transcription  might  be  a  focal  point  of  opposing 
signaling  moieties  (3).  Previously,  we  have  shown  that  the  DHX33 
DEAH  RNA  box  helicase  is  a  novel  regulator  of  rRNA  transcrip¬ 
tion  (30).  To  test  whether  pl9ARF  and  RasV12  could  affect  DHX33 
expression,  wild-type  (WT)  MEFs  were  infected  with  either  con¬ 
trol,  RasV12,  or  ARF -expressing  retroviruses.  DHX33  protein  lev¬ 
els  were  analyzed  at  2,  3,  or  5  days  postinfection.  As  shown,  the 
ectopic  expression  of  ARF  resulted  in  a  significant  decrease  in  the 
DHX33  protein  expression  2  days  postinfection  (Fig.  1A).  Reduc¬ 
tion  of  DHX33  by  ARF  continued  through  3  days  postinfection, 
when  the  DHX33  protein  levels  decreased  10-fold  (Fig.  IB).  In 
contrast,  oncogenic  stress  by  RasV12  infection  resulted  in  slightly 
more  DHX33  protein  than  control  cells  at  2  and  3  days  postinfec¬ 
tion  (Fig.  1A  and  B).  Noticeably,  upregulation  of  ARF  and  p53 
were  only  modest  at  these  early  time  points  following  ectopic 
RasV12  expression.  However,  after  5  days  of  RasV12  infection,  wild- 
type  primary  cells  expressed  significant  levels  of  ARF  with  a  resul¬ 
tant  decrease  in  DHX33  protein  (2-fold  reduction)  compared  to 
control  cells  (Fig.  1C).  These  results  indicate  that  two  major  path¬ 
ways  might  regulate  DHX33:  ARF/p53  and  oncogenic  RasV12.  The 
opposing  activities  from  these  two  pathways  caused  DHX33  levels 
to  be  transiently  increased  and  then  significantly  decreased.  In 
accordance  with  this  hypothesis,  RasV12  infection  of  fibroblasts 
deficient  in  ARF  (Arf- null  MEFs)  resulted  in  a  robust  increase  in 
DHX33  levels  from  2  days  until  6  days  postinfection  (Fig.  ID). 
This  is  in  contrast  to  a  2-fold  reduction  of  DHX33  in  WT  MEFs  in 
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FIG  1  Regulation  of  DHX33  during  oncogenic  stress.  (A)  Wild-type  MEFs  were  infected  with  retroviruses  encoding  RasV12,  pl9ARF,  or  empty  vector,  whole-cell 
lysates  were  prepared  at  2  days  postinfection  and  were  subjected  to  Western  blot  analysis  with  the  indicated  antibodies.  (B)  The  above-mentioned  cells  were 
harvested  3  days  postinfection,  and  whole-cell  extracts  were  subjected  to  Western  blot  analysis  with  the  indicated  antibodies.  (C)  Wild-type  MEFs  were  infected 
with  retroviruses  encoding  RasV12  or  empty  vector,  whole-cell  extracts  were  prepared  5  days  postinfection  and  were  subjected  to  Western  blot  analysis  with  the 
indicated  antibodies.  (D)  Arf- null  MEFs  were  infected  with  retroviruses  encoding  RasV12  or  empty  vector,  whole-cell  extracts  were  prepared  from  2  days  till  6  days 
postinfection  and  were  subjected  to  Western  blot  analysis  with  the  indicated  antibodies.  (E)  Wild-type  MEFs  were  infected  with  the  above-mentioned  retrovi¬ 
ruses,  and  total  RNA  was  extracted  at  2, 3,  or  5  days  postinfection.  Mouse  47S  pre-rRNA  levels  were  analyzed  by  real-time  PCR  and  graphed  in  a  time-dependent 
manner.  Changes  in  DHX33  protein  levels  in  the  time  course  were  also  graphed  after  quantitation  of  DHX33  signals  in  panels  A  to  C  after  normalization  to  the 
empty  vector  control.  Error  bars  were  taken  from  three  independent  experiments. 


which  endogenous  ARF  function  is  intact  and  induced  during 
RasV12  infection.  Thus,  our  results  indicate  that  endogenous  ARF 
is  a  key  regulator  of  DHX33  expression  during  oncogenic  stress. 

We  next  performed  quantitative  real-time  PCR  (qRT-PCR)  to 
determine  ribosome  RNA  transcriptional  rates  by  analyzing  47S 
pre-rRNA  transcript  levels  in  both  RasV12  and  ARF-infected  wild- 
type  MEFs.  As  shown  in  Fig.  IE,  ARF  infection  resulted  in  the 
downregulation  of  rRNA  transcription  in  a  time-dependent  man¬ 
ner.  At  5  days  postinfection,  47S  rRNA  levels  dropped  to  30%  of 


that  in  the  control  sample.  Moreover,  RasV12  infection  first  re¬ 
sulted  in  a  transient  increase  in  pre-rRNA  synthesis  at  2  and  3  days 
postinfection  (up  to  2. 5 -fold),  but  after  5  days  postinfection,  after 
endogenous  ARF  induction,  the  pre-rRNA  levels  dropped  to  70% 
of  empty  vector  control  (Fig.  IE).  This  trend  is  in  agreement  with 
the  increase  in  DHX33  followed  by  its  decrease  over  time  after 
RasV12  infection. 

ARF  regulation  of  DHX33  is  dependent  on  Mdm2  and  p53. 

The  ARF  tumor  suppresser  has  p53 -dependent  and  -independent 
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FIG  2  Reduction  of  DHX33  by  ARF  infection  is  dependent  on  p53  and  Mdm2.  (A)  Wild-type  MEFs,  p53-null  MEFs,  p53~/~;  Mdm2~ MEFs,  and  p53~'~; 
Mdm2~/~ ;  Arf~'~  MEFs  were  infected  with  retroviruses  encoding  either  pBABE  empty  vector  or  pBABE-HA-ARF.  Whole-cell  lysates  were  prepared  5  days 
postinfection  and  were  subjected  to  Western  blot  analysis  by  the  indicated  antibodies.  (B)  Quantitation  of  the  DHX33  protein  levels  after  normalization  to  empty 
vector  in  each  group,  error  bars  were  taken  from  three  independent  experiments.  (C)  MEFs  were  infected  by  retrovirus  encoding  pBABE  empty  vector  or 
pBABE-HA-ARF.  At  4  days  postinfection,  cells  were  harvested  and  analyzed  by  Western  blotting  with  the  indicated  antibodies.  At  4  days  postinfection,  cells  were 
also  pulsed  by  [3H]uridine  and  chased  at  the  indicated  time  points.  Total  RNA  were  analyzed  for  47S  pre-rRNA  levels.  (D)  WT  MEFs  orp53-null  MEFs  were 
infected  with  lentivirus  encoding  either  shSCR  or  shARF.  At  4  days  postinfection,  the  cells  were  harvested  and  subjected  to  Western  blot  analysis  with  the 
indicated  antibodies. 


functions  (32).  Wild-type  MEFs  maintain  an  intact  p53  pathway 
downstream  of  ARF,  suggesting  that  regulation  of  DHX33  by  ARF 
in  WT  MEFs  could  be  p53  dependent.  To  study  whether  this  reg¬ 
ulation  occurs  in  a  p53 -dependent  manner,  we  infected  p53~/~ 
MEFs,  p53~/~;  Mdm2~/~  (DKO)  MEFs,  and  p53~/~;  Mdm2~/~; 

(TKO)  MEFs  with  ARF -expressing  retroviruses.  As  shown 
in  Fig.  2,  ARF  overexpression  in  WT  MEFs  resulted  in  a  significant 
reduction  in  DHX33  levels.  FFowever,  the  reduction  of  DFFX33 
was  far  less  significant  in  p53-null  MEFs  and  DKO  MEFs.  In  TKO 
MEFs,  we  observed  no  reduction  in  DHX33  protein  levels,  indi¬ 
cating  that  reduction  of  DHX33  by  ARF  requires  p53  (Fig.  2B).  In 


addition,  we  found  that  the  infection  of  ARF  in  wild-type  MEFs 
resulted  in  a  much  greater  inhibition  of  ribosome  RNA  synthesis 
than  in  TKO  MEFs  (Fig.  2C).  Our  results  indicate  that  ARF  inhib¬ 
its  ribosome  biogenesis  not  only  in  a  p53 -independent  manner 
but  also  in  a  p53 -dependent  manner.  Knockdown  of  endogenous 
ARF  only  mildly  enhanced  DFFX33  protein  expression  in  p53~'~ 
MEFs  (Fig.  2D),  suggesting  that  p53  is  required  for  DHX33  induc¬ 
tion  following  loss  of  ARF. 

ARF  reduces  DHX33  protein  levels  through  a  translational 
control  mechanism.  To  dissect  the  mechanism  of  DHX33  reduc¬ 
tion  by  ARF,  we  first  analyzed  DFFX33  mRNA  levels.  qRT-PCR 
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FIG  3  Induction  of  ARF  inhibits  DHX33  translation.  (A)  Wild-type  MEFs  were  infected  with  retroviruses  encoding  empty  vector,  pl9ARF,  or  RasV12,  and  the 
total  RNA  was  extracted  from  each  sample  at  2, 3,  or  5  days  postinfection.  DHX33  mRNA  levels  were  analyzed  by  qPCR  with  GAPDH  as  an  internal  control.  Bars 
represent  the  standard  deviation  taken  from  three  separate  experiments.  (B)  Wild-type  MEFs  were  infected  with  retroviruses  encoding  empty  vector  (EV)  or 
pl9ARF.  At  3  days  postinfection,  the  cells  were  treated  with  50  |jlM  MG  132  for  6  h,  and  total  cell  lysates  were  prepared  and  subjected  to  Western  blot  analysis  with 
the  indicated  antibodies.  p2 1  protein  stabilization  was  used  as  a  positive  control  to  monitor  MG  132  function.  (C)  A  total  of  1.5  X  106  wild-type  cells  infected  with 
retroviruses  encoding  empty  vector  or  pl9ARF  at  3  days  postinfection  were  subjected  to  cytosolic  polysome  fractionation.  The  absorbance  was  monitored  at  254 
nm,  and  resultant  ribosome  profiles  are  shown  for  each  sample.  (D)  The  above-mentioned  fractions  from  monoribosomes  or  polysomes  were  subjected  to  total 
RNA  isolation  and  qPCR  analysis  to  detect  DHX33  mRNA  levels.  GAPDH  mRNA  levels  were  used  as  a  control.  The  data  presented  are  the  percentages  of  mRNA 
from  each  fraction  calculated  from  a  standard  curve  generated  by  a  series  of  diluted  DHX33  plasmid.  Error  bars  were  taken  from  two  independent  experiments. 


was  performed  on  total  RNAs  isolated  from  ARF-  and  RasV12- 
infected  cells  at  2,  3,  and  5  days  postinfection.  Both  GAPDH 
mRNA  and  actin  mRNAs  were  used  as  internal  controls.  We  ob¬ 
served  no  significant  change  in  DHX33  mRNA  expression  at  each 
time  point  after  ARF  or  RasV12  infection  of  WT  MEFs  compared  to 
the  empty  vector  control  (Fig.  3A).  These  results  indicate  that 
reduction  of  DHX33  by  ARF  does  not  occur  by  transcriptional 
regulation.  ARF  has  been  previously  shown  to  influence  the  sta¬ 
bility  of  several  proteins  (33,  34).  To  determine  whether  DHX33 
protein  reduction  was  due  to  accelerated  protein  degradation 
upon  ARF  induction,  cells  were  treated  with  MG  132,  a  26S  pro- 
teasome  inhibitor,  for  6  h.  As  shown  in  Fig.  3B,  we  found  that 
DHX33  was  not  stabilized  in  the  presence  of  MG  132.  As  a  positive 
control,  p21CIP1  was  stabilized  to  a  significant  degree  with  MG  132 
treatment,  demonstrating  that  MG132  is  functioning  as  expected 


to  inhibit  26S  proteasome.  These  results  imply  that  reduction  of 
DHX33  in  the  presence  of  ARF  is  not  due  to  accelerated  protein 
degradation. 

To  determine  whether  DHX33  reduction  was  due  to  transla¬ 
tional  repression  of  existing  DHX33  mRNAs,  we  chose  to  analyze 
polysome-associated  DHX33  mRNAs.  We  performed  a  polysome 
fractionation  by  sucrose  gradient  after  lysis  of  WT  MEFs  that  were 
either  transduced  with  vector  control  or  ARF  overexpressing  ret¬ 
roviruses  (Fig.  3C).  We  analyzed  the  mRNA  distribution  of 
DHX33  in  monosome  and  polysome  fraction  by  qRT-PCR.  As 
shown  in  Fig.  3D,  we  found  that  in  ARF-infected  WT  MEFs,  a 
large  portion  of  DHX33  mRNAs  (up  to  60%  of  total  mRNA)  had 
moved  into  the  monoribosome  fractions.  Conversely,  empty  vec¬ 
tor-infected  WT  MEFs  exhibited  a  majority  of  their  DHX33 
mRNAs  associated  with  polysomes  (70%).  These  data  clearly  in- 
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FIG  4  DHX33  protein  knockdown  or  overexpression  influences  ribosome  biogenesis  and  protein  translation.  (A)  Arf/p53/Mdm2~/~  MEFs  were  infected  by 
lentivirus  encoding  shRNA-DHX33  or  shScrambled  (shSCR).  At  3  days  after  infection,  the  cell  lysates  were  subjected  to  Western  blot  analysis  with  anti-DHX33 
and  tubulin  antibodies.  (B)  Infected  cells  from  above  were  pulsed  with  [3H]  uridine  and  chased  for  the  indicated  time  points  to  monitor  newly  synthesized  rRNA. 
Equal  numbers  of  cells  were  pelleted  for  total  RNA  extraction.  RNA  was  separated  and  transferred  onto  nylon  membranes  for  autoradiography.  (C)  Equal 
numbers  of  the  above-mentioned  cells  were  subjected  to  total  RNA  isolation  and  then  isolated  by  formaldehyde  RNA  denaturing  gel.  28S  and  18S  rRNA  were 
visualized  by  ethidium  bromide  staining  and  quantified.  Bars  were  taken  from  three  different  experiments.  (D)  Equal  numbers  of  Arf/p53/Mdm2~/~  MEFs 
infected  by  the  indicated  short-hairpin  lentiviruses  were  subjected  to  cytosolic  ribosome  profile  analysis  at  4  days  postinfection.  (E  and  F)  Arf/p53/Mdm2~/~ 
MEFs  were  infected  with  lentiviruses  encoding  empty  vector,  DHX33  (wild  type)  or  mutant  DHX33  (K94R).  At  4  days  postinfection,  infected  cells  were  subjected 
to  cytosolic  polysome  profile  analysis  (E)  and  Western  blot  analysis  with  the  indicated  antibodies  (F). 


dicate  that  ARF  induction  causes  a  translational  repression  of 
DHX33  in  the  cytoplasm. 

DHX33  protein  reduction  decreases  protein  translation,  while 
DHX33  overexpression  enhances  protein  translation.  Our  previ¬ 
ous  data  has  shown  that  DHX33  is  an  important  regulator  of 
rRNA  transcription;  DFFX33  knockdown  reduced  rRNA  produc¬ 
tion,  while  DFFX33  overexpression  enhanced  rRNA  synthesis 
(30).  In  TKO  MEFs,  we  manipulated  DHX33  levels  by  utilizing 
lentivirus  infection  to  knockdown  (Fig.  4A)  or  overexpress 
(Fig.  4E)  DHX33  protein.  As  shown  in  Fig.  4B,  knockdown  of 
DHX33  nearly  abolished  all  rRNA  production.  Since  rRNA  is  the 
key  component  for  ribosome  assembly,  we  hypothesized  that 
DHX33  knockdown  should  result  in  less  available  ribosomes  and 
thus  decrease  overall  protein  translation.  mRNAs  undergoing  ac¬ 
tive  translation  are  bound  to  multiple  ribosomes,  forming  poly¬ 


somes.  The  level  of  polysomes  is  widely  regarded  as  an  indicator  of 
overall  protein  translational  activity.  Therefore,  we  performed  cy¬ 
tosolic  ribosome  fractionation  using  sucrose  gradients  to  monitor 
polysome  levels.  Strikingly,  we  noted  a  significant  reduction  of 
polysomes  in  TKO  MEFs  infected  with  DHX33  knockdown  lenti¬ 
viruses  (Fig.  4D).  The  cytosolic  40S  and  80S  ribosomes  were  also 
decreased  dramatically.  Interestingly,  the  60S  ribosome  peak  was 
enhanced,  indicating  a  different  dynamic  regulation  of  40S  and 
60S,  even  though  all  of  the  rRNA  species  were  decreased  signifi¬ 
cantly  (Fig.  4C). 

Previously,  we  have  found  that  wild-type  DFFX33  overexpres¬ 
sion  enhanced  rRNA  synthesis,  while  helicase-defective  mutant 
of  DFFX33  (K94R)  inhibited  it  (30).  To  determine  the  effect  of 
DHX33  overexpression  on  cell  growth,  we  transduced  wild- type 
DHX33  and  helicase-dead  K94R  mutant  of  DF1X33  in  TKO  MEFs 
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FIG  5  Ras  activity  induces  DHX33  protein  expression.  (A)  MEFs  were  infected  with  adenoviruses  encoding  either  LacZ  or  Cre  recombinase  at  a 

multiplicity  of  infection  of  200.  At  2  days  postinfection,  the  cells  were  then  serum  starved  for  72  h.  Equal  amount  of  cell  lysates  were  subjected  to  Western  blot 
analysis  with  the  indicated  antibodies.  (B)  Arf- null  ear  fibroblasts  from  2-month-old  mice  were  infected  with  retroviruses  encoding  either  pBABE  empty  vector 
(EV)  or  pBABE-RasV12.  At  3  days  postinfection,  infected  cells  were  subjected  to  Western  blot  analysis  with  the  indicated  antibodies.  (C)  The  above-mentioned 
cells  were  treated  with  cycloheximide  at  a  concentration  of  80  pug/ml  for  the  indicated  times.  Protein  extracts  from  the  cells  pelleted  from  the  indicated  time  points 
was  subjected  to  Western  blot  analysis.  Signals  of  DHX33  protein  was  graphed  after  normalization  to  GAPDH  control.  Bars  represent  errors  from  two 
independent  experiments.  (D)  Total  RNA  was  isolated  from  the  above-mentioned  cells  and  changes  of  DHX33  mRNA  levels  were  analyzed  by  qPCR  with 
GAPDH  as  a  control.  P  is  derived  from  five  separate  experiments.  (E)  Arf- null  ear  fibroblasts  were  infected  with  empty  vector  or  RasV12.  At  3  days  postinfection, 
the  cells  were  treated  with  U0126  (20  |jlM),  wortmannin  (100  nM),  or  LY294002  (50  |jlM)  for  24  h.  Cell  lysates  were  subjected  to  Western  blot  analysis  with  the 
indicated  antibodies.  (F)  Arf- null  cells  infected  with  empty  vector  or  RasV12  were  treated  with  rapamycin,  wortmannin,  or  LY294002  as  indicated  for  24  h.  Cell 
lysates  were  prepared  and  analyzed  for  DHX33  protein  levels  with  GAPDH  as  a  loading  control.  (G)  Arf- null  MEFs  were  infected  with  retroviruses  encoding 
myristoylated  Akt  (Myr-Akt),  RasV12,  or  empty  vector.  Cell  lysates  were  prepared  at  4  days  postinfection  after  puromycin  selection  and  analyzed  by  Western 
blotting  for  DHX33,  pAkt-473,  Akt,  and  GAPDH  protein  levels.  The  fold  change  is  indicated  below  identified  blots. 


by  lentivirus  infection.  Wild- type  DHX33  only  slightly  enhanced 
80S  formation  and  polysome  formation,  whereas  the  K94R 
DHX33  mutant  resulted  in  decreased  levels  of  polysomes 
(Fig.  4E).  This  suggests  that  DHX33  is  important  for  translation, 
but  its  overexpression  might  not  be  sufficient  to  significantly  en¬ 
hance  protein  synthesis.  Western  blot  analysis  showed  levels  of 
overexpressed  wild-type  and  K94R  mutant  DHX33  (Fig.  4F). 

RasV12  stimulates  DHX33  mRNA  translation.  We  previously 
showed  that  RasV12  expression  caused  a  significant  increase  in 
DHX33  protein  expression  in  Arf- null  MEFs,  implying  that  Ras 
hyperactivation  regulates  DHX33  levels  in  the  absence  of  Arf  The 
neurofibromin  ( Nfl  gene)  tumor  suppressor  protein  is  an  up¬ 
stream  regulator  of  Ras  signaling;  loss  of  Nfl  results  in  irreversible 
activation  of  Ras  and  results  in  subsequent  heightened  growth  and 


proliferation  in  vitro  and  in  vivo  tumor  formation  (35-37).  We 
isolated  MEFs  from  Nflwn  mice  and  used  adenovirus  to  over  ex¬ 
press  Cre  recombinase,  resulting  in  the  successful  deletion  of  Nfl 
alleles  (Fig.  5A).  Compared  to  the  control  Lac  Z  adenovirus -in¬ 
fected  Nflwil  MEFs,  we  found  that  DFFX33  was  upregulated  2.7- 
fold  following  Nfl  loss  (Fig.  5A).  As  a  confirmation  for  the  activa¬ 
tion  of  Ras  signaling,  we  also  detected  increased  levels  of 
phospho-S6  and  phospho-AKT  (Fig.  5A). 

In  order  to  dissect  the  mechanism  of  DHX33  induction  by  Ras 
signaling,  we  first  confirmed  the  activation  of  several  conserved 
signaling  events  downstream  of  Ras.  As  shown  in  Fig.  5B,  RasV12 
expression  in  Arf- null  cells  induced  activation  of  the  mitogen- 
activated  protein  kinase  (MAPK)  pathway  as  indicated  by  in¬ 
creased  phospho-ERKl/2  and  activation  of  phosphatidylinositol 
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3 -kinase  (PI3K)/AKT  pathway  as  indicated  by  phospho-AKT- 
S473,  as  well  as  activation  of  mTOR  pathway  by  increased  phos- 
pho-S6.  To  check  whether  upregulation  of  DHX33  in  this  setting 
was  due  to  protein  stability  or  mRNA  level  changes,  we  per¬ 
formed  protein  half-life  assays.  As  shown  in  Fig.  5C,  there  was 
no  significant  change  in  DHX33  stability  in  empty  vector  or 
Rasvi2-transduced  cells.  Next,  we  analyzed  mRNA  levels  of 
DHX33  by  RT-PCR  and  found  no  significant  change  in  DHX33 
mRNA  in  Rasvi2-infected  cells  (Fig.  5D).  To  dissect  the  mecha¬ 
nism  of  DHX33  induction  by  Ras,  we  treated  Rasvi2-infected  Arf- 
null  cells  with  PI3K/AKT  or  MAPK  pathway  inhibitors.  Upregu¬ 
lation  of  DHX33  was  completely  abolished  by  the  PI3K  pathway 
inhibitors  wortmannin  and  LY294002  but  only  partially  by  MEK 
inhibitor  U0126  (Fig.  5E),  demonstrating  that  Ras/PI3K  is  the 
main  signaling  pathway  that  regulates  DHX33  protein  induction. 
To  determine  whether  DHX33  upregulation  was  controlled  by 
mTOR  activation,  we  treated  cells  with  rapamycin.  As  shown  in 
Fig.  5F,  rapamycin  inhibited  the  induction  of  DHX33  in  a  dose- 
dependent  manner  to  a  similar  extent  as  wortmannin  and 
LY294002,  indicating  that  the  Ras/PI3K/mTOR  pathway  is  primarily 
responsible  for  upregulating  DHX33  translation.  To  further  confirm 
these  results,  we  infected  Ar/- null  MEFs  with  a  constitutively  active 
myristoylated  Akt  (Myr-Akt)  retrovirus  and  found  that  activation  of 
Akt  alone  was  able  to  induce  DHX33  protein  levels  but  not  to  the 
levels  seen  in  Rasvl2-infected  cells  (Fig.  5G). 

We  also  analyzed  DHX33  mRNA  distribution  on  polysomes. 
As  expected,  RasV12  infection  significantly  enhanced  production 
of  cytosolic  ribosomes  and  polysome  formation  (Fig.  6A).  Ap¬ 
proximately  70%  of  DHX33  mRNA  was  not  associated  with  poly¬ 
somes  in  Arf-nu\\  cells  (Fig.  6B).  In  contrast,  a  majority  (75%)  of 
DHX33  mRNAs  associated  with  polysomes  in  Arf- null  cells  that 
were  infected  with  RasV12  retroviruses  (Fig.  6B).  As  a  control, 
GAPDH  mRNA  distribution  was  also  analysis  and  showed  no  sig¬ 
nificant  difference  between  empty  vector  and  RasV12  infection 
(Fig.  6B).  This  significant  difference  shows  that  DHX33  mRNAs 
are  selectively  translated  upon  RasV12  infection  in  the  absence  of 
Arf.  To  confirm  that  the  Ras/PI3K/mTOR  pathway  indeed  trans- 
lationally  regulates  DHX33,  we  further  treated  the  cells  with  rapa¬ 
mycin  and  analyzed  DHX33  mRNA  distribution  on  polysomes. 
As  shown  in  Fig.  6C  and  D,  rapamycin  treatment  resulted  in  a 
reduction  of  DHX33  protein  levels  and  global  protein  transla¬ 
tional  repression.  A  significant  proportion  of  DHX33  mRNA  was 
shifted  from  polysomes  to  monoribosomes  following  rapamycin 
treatment  (Fig.  6E). 

DHX33  upregulation  is  required  for  enhanced  rRNA  tran¬ 
scription  during  Ras  activation.  We  have  previously  reported 
that  DHX33  is  an  important  factor  in  rRNA  transcription  (30). 
We  hypothesized  that  elevated  levels  of  DHX33  during  Ras  acti¬ 
vation  are  important  for  Ras  to  promote  rRNA  synthesis.  To  test 
this  hypothesis,  we  first  detected  pre-rRNA  transcript  levels  by 
qRT-PCR  in  both  empty  vector  and  Rasvi2-infected  Ar/-null  cells 
and  saw  a  2-  to  3 -fold  increase  in  47S  rRNA  levels  (Fig.  7A).  To  test 
whether  DHX33  was  required  for  this  observed  increase  in  pre- 
rRNA  levels,  Arf- null  fibroblasts  were  first  infected  with  RasV12 
retroviruses,  followed  by  a  second  infection  with  lentiviruses  ex¬ 
pressing  knockdown  shRNAs  for  DHX33  (Fig.  7B).  We  per¬ 
formed  pulse-chase  labeling  with  [3H] uridine  to  detect  ongoing 
rRNA  synthesis.  We  found  that  reduction  in  DHX33  resulted  in 
significantly  lower  47S  rRNA  transcript  levels  that  mirrored  those 
seen  in  uninfected  Arf- null  cells  (Fig.  7C).  We  also  measured 


global  protein  synthesis  by  [35S]  methionine  incorporation  into 
newly  synthesized  proteins  for  RasV12  transformed  Arf- nulls  cells 
after  DHX33  knockdown  and  found  that  DHX33  knockdown 
caused  a  significant  reduction  in  protein  synthesis  (Fig.  7D). 

DHX33  is  required  in  Rasvl2-initiated  tumor  formation. 
Given  that  we  have  shown  a  requirement  for  DHX33  in  RasV12- 
initiated  47S  rRNA  transcription,  we  next  sought  to  determine  the 
contribution  of  DHX33  to  Rasvl2-driven  cellular  transformation. 
Arf- null  MEFs  infected  with  RasV12  retroviruses  were  subjected  to 
a  second  infection  with  shSCR  or  shDHX33  lentiviruses.  DHX33 
protein  knockdown  efficiency  was  analyzed  by  Western  blotting 
(Fig.  8A).  Importantly,  DHX33  knockdown  did  not  reduce 
DHX33  levels  below  those  seen  in  control  cells  (Fig.  8A,  lanes  1 
and  4).  After  DHX33  knockdown,  cells  were  plated  in  soft  agar 
and  grown  for  2  weeks  and  resultant  transformed  cell  colonies 
were  counted.  We  observed  a  significant  decrease  in  soft  agar  col¬ 
onies  in  Rasvl2  +  shDHX33-infected  cells,  underscoring  the  im¬ 
portance  of  heightened  DHX33  expression  in  Rasvl2-mediated 
cellular  transformation  (Fig.  8B).  We  next  determined  whether 
DHX33  knockdown  influenced  Rasvl2-initiated  mRNA  transla¬ 
tion.  Again,  Arf- null  MEFs  were  infected  with  RasV12  retroviruses 
and  subjected  to  a  second  infection  with  lentiviruses  encoding 
shRNAs  for  DHX33.  Western  blot  analysis  confirmed  successful 
overexpression  of  RasV12  and  knockdown  of  DHX33  (Fig.  8C). 
We  measured  significant  decreases  in  cytosolic  ribosome  subunits 
and  actively  translating  polysomes  in  the  Rasvl2+shDHX33  cells 
(Fig.  8D),  indicating  that  elevated  DHX33  expression  is  required 
for  enhanced  ribosome  production  and  mRNA  translation  fol¬ 
lowing  ectopic  RasV12  expression.  To  assess  the  impact  of  DHX33 
knockdown  on  Rasvi 2 -initiated  tumor  formation,  we  injected 
106-infected  cells  into  the  flanks  of  immunocompromised  mice. 
At  2  weeks  postinjection,  we  detected  significant  tumor  cell 
growth  of  the  cells  infected  with  Rasvi2+ shSCR,  while  cells  in¬ 
fected  with  Rasvl2  +  shDHX33  did  not  exhibit  any  measurable  tu¬ 
mor  formation  (Fig.  8E).  This  striking  difference  indicates  that 
DHX33  is  a  crucial  target  of  oncogenic  RasV12  and  is  required  to 
enhance  Rasvl2-mediated  cell  growth  and  tumor  formation. 

Correlation  between  DHX33  protein  levels,  47S  rRNA  levels, 
and  cell  proliferation  in  K-Ras  mutated  human  cancer  cell  lines. 
Ras  gene  mutation  has  been  frequently  observed  in  human  can¬ 
cers  (23).  To  determine  whether  endogenous  DHX33  is  upregu- 
lated  in  human  cancers  harboring  mutant  Ras  alleles,  we  per¬ 
formed  Western  blot  analysis  for  endogenous  DHX33  protein 
levels  on  a  panel  of  human  cancer  cell  lines.  As  shown  in  Fig.  9A, 
we  found  elevated  DHX33  protein  levels  in  three  of  five  K-Ras 
mutant  cancer  cell  lines  using  wild-type  K-Ras  cell  lines  as  a  com¬ 
parison.  DHX33  protein  levels  were  significantly  upregulated  in 
Miapaca-2,  PANC- 1,  and  A549  cells  compared  to  wild-type  K-Ras 
human  cancer  cell  line,  BxPC-3  or  normal  immortalized  human 
lung  epithelial  cell  line,  BeaS-2B  (Fig.  9A).  Due  to  the  pivotal  role 
of  DHX33  in  rRNA  transcription,  we  also  measured  47S  rRNA 
levels  by  qRT-PCR  in  a  panel  of  K-Ras  mutated  cancer  cell  lines. 
We  discovered  that  47S  rRNA  transcript  levels  correlated  with 
DHX33  protein  levels  (Fig.  9B).  For  example,  47S  rRNA  transcript 
levels  were  the  highest  in  Miapaca-2  cells,  where  DHX33  protein  level 
was  also  the  highest.  Although  in  Capan-2,  where  DHX33  levels  were 
the  lowest,  47S  rRNA  level  were  also  the  lowest  (Fig.  9B).  Moreover, 
we  also  noticed  that  cell  proliferation  rates  were  tightly  correlated 
with  DHX33  protein  levels  and  47S  rRNA  levels  in  these  K-Ras  mu¬ 
tated  human  cancer  cell  lines  (Fig.  9C). 
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FIG  6  DHX33  protein  induction  is  under  translational  control.  (A)  A  total  of  3  X  106  Arf- null  cells  infected  with  retroviruses  encoding  empty  vector  or  RasV12 
at  4  days  postinfection  were  subjected  to  cytosolic  ribosome  profiling.  (B)  The  resultant  fractionations  from  above  were  analyzed  by  RT-PCR  for  DHX33  mRNA 
distribution  on  ribosomes.  GAPDH  was  used  as  a  negative  control.  Bar  data  were  taken  from  three  independent  experiments.  (C)  Rasvl2-infected  Arf-nu\\  cells 
at  4  days  postinfection  were  treated  with  rapamycin  at  100  nM  for  24  h.  Whole-cell  extracts  were  then  subjected  to  total  protein  analysis  by  Western  blotting  with 
the  indicated  antibodies.  The  fold  change  is  indicated  underneath  the  blots.  (D)  A  total  of  3  X  106  of  Rasvl2-infected  Ar/- null  cells  after  rapamycin  treatment  (100 
nM)  were  subjected  to  cytosolic  ribosome  profiling.  (E)  The  resultant  fractions  from  above  were  analyzed  by  RT-PCR  for  DHX33  mRNA  distribution  on 
ribosomes.  GAPDH  was  used  as  a  negative  control.  The  data  represents  a  typical  result  from  three  independent  experiments. 


To  study  the  importance  of  DHX33  protein  upregulation 
in  K-Ras  mutated  human  cancer  cells,  we  utilized  two  unique 
shRNAs  to  knock  down  endogenous  human  DHX33  protein  lev¬ 
els  and  measured  cell  growth  over  time.  The  knockdown  efficiency 
of  DHX33  for  all  five  different  cancer  cell  lines  is  shown  in  Fig.  9D. 
All  cells  exhibited  some  dependency  on  DHX33  for  sustained  pro¬ 
liferation  (Fig.  9E).  However,  the  negative  impact  of  DHX33  on 
long-term  proliferation  was  the  most  dramatic  in  the  highly  pro¬ 
liferative  Miapaca-2  and  A549  cells.  The  p53  mutational  status 
might  influence  the  different  outcomes  we  observed  for  DHX33 
knockdown.  DHX33  knockdown  in  Miapaca-2  (mutant  p53)  re¬ 
sulted  in  significant  cell  death,  while  in  p53  wild-type  A549  cells, 


DHX33  knockdown  resulted  in  a  G2/M  arrest  (Fig.  9F).  Taken 
together,  our  results  show  that  elevated  DHX33  protein  expres¬ 
sion  in  mutant  K-Ras  cancer  cell  lines  is  pivotal  in  enhancing 
rRNA  transcription  and  proliferation. 

DISCUSSION 

Ras  is  one  of  the  most  frequently  mutated  oncogenes  in  human 
cancers.  Three  members  of  the  Ras  family,  sharing  85%  primary 
sequence  identity,  have  been  found  to  be  activated  in  human  can¬ 
cers:  H-Ras,  N-Ras,  and  K-Ras  (25).  Up  to  30%  of  human  lung 
cancers  harbor  K-Ras  mutations  and,  in  pancreatic  cancers,  the 
K-Ras  mutation  rate  is  >90%  (25).  Ras  signaling  is  a  complex 
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FIG  7  DHX33  protein  induction  plays  a  crucial  role  in  Rasvl2-enhanced  rRNA  transcription.  (A)  Arf- null  ear  fibroblasts  from  2-month-old  mice  were  infected 
with  either  empty  vector  or  Rasvl2-encoding  retroviruses.  Total  RNA  was  extracted  and  analyzed  by  RT-PCR  for  47S  pre-rRNA  levels.  Error  bars  indicate 
standard  deviation  from  three  independent  experiments.  (B,  C,  and  D)  Arf- null  ear  fibroblasts  were  infected  with  retroviruses  encoding  empty  vector  or  RasV12. 
At  2  days  postinfection,  the  cells  were  then  infected  with  lentiviruses  encoding  shScrambled  (SCR)  or  shRNA-DHX33  for  3  days.  Cells  were  then  subjected  to 
Western  blot  analysis  for  DHX33  protein  levels  (B).  Equal  numbers  of  cells  were  pulsed  with  [3H]  uridine  and  chased  at  the  indicated  time  points,  the  total  RNA 
was  isolated  and  separated  for  rRNA  synthesis  analysis,  and  a  representative  result  from  three  independent  experiments  is  shown  (C).  The  cells  were  then 
pulse-labeled  with  [35S]  methionine  incorporation  and  35S-labeled  proteins  were  measured.  Error  bars  represent  the  standard  deviation  from  three  independent 
experiments  (D).  **,  P  <  0.001. 


network  whose  downstream  components  play  multiple  roles  in 
cell  growth  and  cell  proliferation.  In  its  active,  GTP-bound  state, 
Ras  is  able  to  activate  two  major  oncogenic  signaling  cascades: 
Raf/MEK/ERK  and  PI3K/AKT  pathway  (28).  Aside  from  its  role  in 
promoting  cell  proliferation  and  cell  survival,  cell  invasiveness 
and  enhanced  production  of  angiogenic  factors,  Ras  activation 
also  causes  a  significant  elevation  in  the  production  of  rRNA  and 
increases  in  mRNA  translation.  Ras  enhanced  ribosome  RNA  syn¬ 
thesis  are  due  to  a  variety  of  contributions  from  several  Ras  down¬ 
stream  effectors  such  as  ERK  (38-40),  cyclin  D1  (41,  42),  and 
mTOR  (43, 44),  all  of  which  can  promote  RNA  Pol  I  transcription 
through  different  mechanisms.  However,  these  enhancements 
and  gains  were  observed  in  cells  lacking  an  intact  ARF/p53  path¬ 
way.  The  canonical  roles  of  the  ARF  tumor  suppressor  reside  in  its 
ability  to  sense  activated  Ras  alleles  and  prevent  downstream  cel¬ 
lular  processes  normally  augmented  by  oncogenic  Ras.  Thus,  it 
seems  that  proteins  central  to  these  processes  must  be  under  the 
control  of  both  ARF  and  Ras  regulators.  Identifying  these  key 
players  was  our  focus. 


In  this  report,  we  identified  a  new  downstream  target  of  Ras, 
the  DHX33  DEAH-box  RNA  helicase.  DHX33  plays  as  an  impor¬ 
tant  role  in  promoting  rRNA  synthesis  and  ribosome  biogenesis 
(30).  In  cells  that  maintain  an  intact  Arf  locus,  oncogenic  RasV12 
overexpression  resulted  in  a  significant  reduction  in  DHX33  pro¬ 
tein  expression  without  any  lowering  of  DHX33  mRNA.  The  tim¬ 
ing  of  DHX33  downregulation  coincided  with  the  classical  induc¬ 
tion  of  ARF  expression  by  oncogenic  RasV12  alleles.  This  negative 
regulation  was  not  observed  in  cells  lacking  p53,  arguing  that  the 
attenuation  of  DHX33  protein  expression  relied  on  the  canonical 
ARF/p53  tumor  suppressor  pathway.  Our  results  support  the  no¬ 
tion  that  other  than  cell  cycle  regulation,  a  p53 -dependent  role  of 
ARF  might  also  reside  in  inhibiting  ribosome  biogenesis.  The  ARF 
tumor  suppressor  has  been  found  to  inhibit  rRNA  synthesis  (14, 
24)  through  its  ability  to  prevent  UBF  phosphorylation  (24)  and 
by  translocating  TTF-I,  a  RNA  polymerase  I  termination  factor, 
from  the  nucleolus  into  the  nucleus  (31).  Nonetheless,  in  the  ab¬ 
sence  of  Arf  RasV12  was  quite  capable  of  dramatically  increasing 
DHX33  protein  expression,  squarely  placing  DHX33  in  the  nexus 
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FIG  8  DHX33  induction  is  required  for  Rasvl2-initiated  tumor  formation.  (A)  Arf- null  ear  fibroblasts  from  2-month-old  mice  were  infected  with  retroviruses 
encoding  pBABE-empty  vector  (EV)  or  pBABE-RasV12.  Cells  were  then  infected  with  lentiviruses  encoding  shScrambled  (shSCR),  shLuciferase  (shLuc),  or 
shDHX33.  Whole-cell  lysates  were  extracted  and  analyzed  by  Western  blotting  with  Ras,  DHX33,  and  tubulin  antibodies.  (B)  A  total  of  5  X  103  infected  cells  were 
plated  onto  soft  agar  60-mm  plates  in  triplicate  to  measure  anchorage-independent  cell  growth  after  14  days.  Quantitation  of  the  colony  numbers  is  presented 
from  three  representative  fields  under  X  4  magnification.  Error  bars  represent  the  standard  deviation  calculated  from  three  different  fields  of  colonies  on  triplicate 
plates.  (C)  Arf- null  NIH  3T3  cells  were  infected  with  retroviruses  encoding  RasV12,  followed  by  infection  with  lentiviruses  encoding  shScrambled  (shSCR)  or 
shDHX33.  Whole-cell  lysates  were  subjected  to  Western  blot  analysis  with  Ras,  DHX33,  and  tubulin  antibodies.  (D)  A  total  of  3  X  106  infected  NIH  3T3  cells  were 
subjected  to  cytosolic  ribosome  profiles.  (E)  The  upper  panel  shows  NIH  3T3  cells  infected  with  retroviruses  encoding  RasV12  that  were  then  infected  with  shSCR 
or  shDHX33  lentiviruses.  A  total  of  106  infected  NIH  3T3  cells  were  injected  into  the  flanks  of  nude  mice.  Tumor  formation  was  visualized  and  photographed 
after  14  days.  For  the  lower  panel,  mice  were  sacrificed  at  day  14  postinjection,  and  tumors  were  excised  and  photographed. 


of  ARF  and  Ras  regulation.  In  contrast  to  ARF,  RasV12  consider¬ 
ably  shifted  existing  DHX33  mRNAs  onto  translating  polysomes. 
Thus,  we  have  identified  a  new  route  through  which  ARF  inhibits 
rRNA  synthesis. 

We  have  provided  evidence  that  elevated  expression  of  DHX33 
is  critical  for  Rasvl2-induced  cellular  transformation.  Impor¬ 
tantly,  our  experiments  utilized  shRNAs  that  target  and  reduce 
DHX33  expression  back  to  just  above  baseline.  As  such,  we  are  not 
entirely  removing  DHX33  from  these  cells.  Reduction  of  DFFX33 


in  Rasvl2-expressing  Arf- null  cells  resulted  in  a  return  of  47S 
rRNA  and  mRNA  translation  back  to  levels  normally  seen  in  Arf- 
null  cells.  These  cells  no  longer  grow  in  soft  agar  and  do  not  form 
tumors  in  immunocompromised  mice.  Much  of  the  focus  on  ARF 
tumor  biology  has  been  on  its  ability  to  respond  to  oncogenic 
signals,  such  as  those  emanating  from  RasV12,  to  induce  a  potent 
p53 -dependent  cell  cycle  arrest.  Even  more  recently,  a  significant 
amount  of  interest  has  also  shifted  to  ARF’s  ability  to  directly 
inhibit  ribosome  biogenesis  independent  of  p53.  Our  new  find- 
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FIG  9  DHX33  is  overexpressed  in  Ras-mutated  cancer  cell  lines  and  is  required  for  their  efficient  growth  and  proliferative  properties.  (A)  A  panel  of  K-Ras 
mutated  or  wild-type  cancer  cell  lines  (mutation  status  is  shown  at  the  bottom)  were  screened  for  total  DHX33  protein  expression,  pl4ARF  status  is  also  shown 
at  the  bottom.  (B)  47S  rRNA  was  measured  by  RT-PCR  and  normalized  to  total  RNA  levels.  Error  bars  represent  the  standard  deviation  from  three  separate 
experiments.  *,P<  0.001.  (C)  A  total  of  5  X  104  cells  were  plated  onto  six-well  culture  plates.  Cell  numbers  were  counted  daily  and  graphed.  The  doubling  time 
was  calculated  based  on  growth  curves  and  is  shown  in  the  table.  (D)  The  indicated  cell  lines  were  infected  with  lentiviruses  encoding  shScrambled  (shSCR)  or 
shDHX33.  Whole-cell  lysates  were  extracted  4  days  postinfection  and  subjected  to  Western  blot  analysis  with  antibodies  recognizing  DHX33  and  tubulin.  (E) 
shSCR  or  shDHX3 3 -infected  cells  (104)  from  indicated  cancer  cell  lines  were  plated  onto  100-mm  culture  dishes.  The  cells  were  fixed  10  or  20  days  later  with 
100%  methanol  and  incubated  with  Giemsa  stain  for  1  h.  Stained  colonies  were  air  dried  and  photographed.  (F)  shSCR  or  shDHX33-infected  cells  (104)  from 
Miapaca-2  and  A549  cancer  cells  were  subjected  to  cell  cycle  analysis  by  flow  cytometry  after  propidium  iodide  staining. 


ings  herein  imply  that  ARF  and  Ras  are  in  a  constant  struggle  for 
downstream  target  activation/inactivation.  Normal  cells  harbor¬ 
ing  activated  Ras  alleles  in  the  face  of  wild-type  ARF  are  unable  to 
gain  access  to  critical  downstream  targets,  such  as  DHX33,  to  fully 
activate  critical  processes  required  for  tumorigenesis.  ARF  effec¬ 
tively  eliminates  these  proteins  by  removing  their  mRNAs  from 
actively  translating  polyribosomes.  When  Arf  is  lost,  Ras  gains 


access  to  these  targets,  and  active  translation  of  them  ensues.  How 
ARF  might  selectively  repress  mRNA  translation  remains  to  be 
investigated,  but  our  findings  with  DHX33  are  reminiscent  of 
ARF’s  regulation  of  VEGFA  translation  (45). 

Enhanced  ribosome  biogenesis  is  tightly  correlated  with  en¬ 
hanced  cell  proliferation  in  human  cancers.  Targeting  RNA  Pol  I 
transcription  has  been  regarded  as  a  potential  treatment  for  cancer 
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patients  (3).  Several  drugs,  including  actinomycin  D,  cisplatin, 
5-fluorouracil,  and  camptothecin  have  been  shown  to  inhibit 
RNA  Pol  I  transcription  (46-48).  However,  this  field  is  still  at  the 
early  stage  and  will  require  more  selective  targets  in  order  to  de¬ 
velop  efficient  therapeutic  drugs  that  preferentially  inhibit  tumor 
growth  while  sparing  normal  cells.  Recently,  selective  drugs  that 
target  rRNA  synthesis  have  been  developed,  shedding  a  more  pos¬ 
itive  light  onto  our  ability  to  target  rRNA  synthesis  as  a  way  of 
treating  cancers.  One  of  the  latest  compounds,  CX-3543,  is  a  small 
molecule  nucleolus-targeting  agent  that  selectively  disrupts 
nucleolin/rDNA  G-quadruplex  complexes  in  the  nucleolus  (49). 
CX-3543  inhibited  Pol  I  transcription  and  induced  apoptosis  in 
cancer  cells  and  is  currently  in  phase  II  clinical  trials.  Another 
compound,  CX-5461,  selectively  inhibits  Pol  I-driven  relative  to 
Pol  II -driven  transcription,  DNA  replication,  and  mRNA  transla¬ 
tion  (50).  CX-5461  inhibits  the  initiation  stage  of  rRNA  synthesis 
and  induces  both  senescence  and  autophagy  through  a  p53 -inde¬ 
pendent  process  in  solid  tumor  cell  lines.  Although  more  work 
needs  to  be  done  in  order  to  develop  efficient  and  more  specific 
drugs  to  target  RNA  Pol  I  transcription  as  a  way  for  cancer  treat¬ 
ment,  the  validity  of  the  approach  itself  has  proven  fruitful. 

It  seems  uncertain  whether  other  consensus  targets  of  both 
ARF  and  oncogenic  RasV12  exist.  However,  given  the  pleiotropic 
effects  of  ARF  and  Ras,  identification  of  other  common  proteins 
seems  likely.  In  fact,  given  the  large  number  of  RNA  helicases  in 
the  DEAD/DEAH-box  family,  DHX33  may  signal  the  first  of 
many  dually  regulated  helicases.  Given  our  findings  that  the  heli- 
case  activity  of  DHX33  was  required  for  the  Rasvl2-driven  pheno- 
type,  generating  novel  compounds  that  inhibit  its  helicase  activity 
seems  a  viable  approach  to  prevent  Rasvl2-induced  transforma¬ 
tion,  especially  in  clinically  relevant  settings  where  Ras  mutants, 
and  thus  aberrant  DHX33  expression,  drive  the  disease. 
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